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FOREWORD 

The Reac to r Deve lopment P r o g r a m P r o g r e s s R e p o r t , i s s u e d 
monthly, is in tended to be a m e a n s of r e p o r t i n g t hose i t e m s 
of s ignif icant t echn ica l p r o g r e s s which have o c c u r r e d i n b o t h 
the specif ic r e a c t o r p r o j e c t s and the g e n e r a l e n g i n e e r i n g r e ­
s e a r c h and deve lopment p r o g r a m s . The r e p o r t i s o r g a n i z e d 
in a c c o r d a n c e with budget a c t i v i t i e s in a way which, it i s 
hoped, g ives the c l e a r e s t , m o s t log ica l o v e r a l l v iew of p r o g ­
r e s s . Since the intent i s to r e p o r t only i t e m s of s ign i f i can t 
p r o g r e s s , not al l a c t i v i t i e s a r e r e p o r t e d each mon th . In 
o r d e r to i s s u e th is r e p o r t a s soon as p o s s i b l e af ter the end 
of the month e d i t o r i a l work m u s t n e c e s s a r i l y be l i m i t e d . 
Also, s ince th is is an i n fo rma l p r o g r e s s r e p o r t , the r e s u l t s 
and data p r e s e n t e d should be u n d e r s t o o d to be p r e l i m i n a r y 
and subject to change u n l e s s o t h e r w i s e s t a t ed . 

The i s suance of these r e p o r t s is not in tended to c o n s t i t u t e 
publ icat ion in any sense of the word . F i n a l r e s u l t s e i t h e r 
will be submit ted for pub l ica t ion in r e g u l a r p r o f e s s i o n a l 
j ou rna l s or will be pub l i shed in the f o r m of ANL top ica l 
r e p o r t s . 

The l a s t s ix r e p o r t s i s s u e d 
in this s e r i e s a r e ; 

August 1969 ANL-7606 

Sep tember 1969 ANL-7618 

October 1969 ANL-7632 

November 1969 ANL-7640 

D e c e m b e r 1969 ANL-7655 

J a n u a r y 1970 ANL-7661 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for February 1970 

EBR-II 

The reactor was operated for 1334 MWd between January 21 and 
February 20, inclusive, bringing its cumulative operational total to 
32,361 MWd. 

Of the 12 samples of different metals in mater ia ls -survei l lance 
subassembly SURV-2, only beryllium copper and tantalum lost appreciable 
weight during irradiat ion exposure to sodium in EBR-II. The densities of 
tantalum, T-I tool steel, and Type 304 stainless steel apparently were 
reduced during exposure. 

ZPR-3 

Calculation of the relative U-238 capture rates in a central unit 
cell of Assembly 54 has been completed and is in fair agreement with 
measurements . 

The integral capture-to-fission ratio of Pu-239 obtained at the 
center of Assembly 57 in a high-intensity irradiation has been found to be 
0.363 ± 0.024. 

The central fast-neutron-spectrum data from Assembly 58 has 
been analyzed. Analysis of experiments i|i Assembly 59 has been 
completed. 

Assembly 60, a U-235 version of a homogenized 91-element 
EBR-II loading with asymmetric top and bottom axial reflectors, has been 
made cri t ical and measurements begun. 

ZPR-6 

The experiments with the 4000-liter U-235 core, Assembly 6A, 
have been completed, and the data are being analyzed. Measurements 
made include: the central reactivity worths of a number of mater ia l s in a 
sodium-bearing and sodium-free environment, the radial and axial var ia ­
tion of sodium-void coefficient, capture and fission rates in U-238 and 
U-235 at various locations, and mater ia l buckling. The cr i t ical mass of 
this assembly was 1798 kg. 



ZPR-9 

The reflector of the FTR-3 core, Assembly 26, was modified by 
removing nickel from the earl ier reflector loading and adding a per ipheral 
zone of stainless steel and sodium. The neutron spectrum in this new 
reference configuration has been measured, and all control and safety rods 
have been calibrated. 

ZPPR 

The radial variation of the rates of B-10 capture, U-238 fission, 
Pu-239 fission, and Na-23 capture have been calculated for Z P P R / F T R - 2 
with and without fuel stored in the shield. Qualitative agreement between 
calculated and experimental data was generally satisfactory. 

Fuel loading for the 2600-Uter demonstration-plant cr i t ical a s sem­
bly, ZPPR Assembly 2, has begun, and the automatic control system for 
the ZPPR Doppler measurements has been checked out. 
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I. LIQUID M E T A L FAST B R E E D E R R E A C T O R S - C I V I L I A N 

A. P h y s i c s D e v e l o p m e n t - - L M F B R 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l R e a c t o r P h y s i c s 

(i) R e s o n a n c e and Dopple r T h e o r y (R. N. Hwang and 

Y. Kikuchi) 

L a s t R e p o r t e d : A N L - 7 6 4 0 , pp . 1-5 (Nov 1969). 

(a) Thr F - - ^ - ^^-^ .h . of " ^ P u wi th the A s s u m p t i o j L o l a 

The m e a n spac ing is about 200 eV 
and the m e a n width (HMW) of th i s 
s t r u c t u r e is l e s s than 100 eV,* 
a l though l a r g e s t a t i s t i c a l f l uc tua ­
t ions due to the s m a l l n u m b e r of 
l e v e l s in the e n e r g y r e g i o n o v e r 
wh ich the a v e r a g i n g is done m a k e s 
it difficult to obta in p r e c i s e m e a n 
v a l u e s . Th i s b e h a v i o r i s shown in 
F i g . I . A . I . 

Fig I.A.I. Petrel Data for Fission Cross Section of ĵĵ ^g g roup ing s t r u c t u r e is 
239pu Averaged over 50-eV Intervals o b s e r v e d in the n e u t r o n - i n d u c e d 

o^^Hr^r, nf ^*°Pu** and is c o n s i d e r e d due to the 

b a r r i e r . 

F r o m the channe l t h e o r y of n u c l e a r fission, '^ the 0+, 
1- 2- s t a t e s of ^^°Pu (the compound n u c l e u s a f te r " ' P u a b s o r b s a n e u t r o n ) 
L v e one o r two c o m p l e t e l y open c h a n n e l s , the 1^ s t a t e h a s a p a r t i a l l y open 
c h l n n e T and the 0" s t a t e h a s n e a r l y no channe l . As the g r o u p m g s t r u c t u r e 
is c o n s i d e r e d to be p r e d o m i n a n t in the s u b t h r e s h o l d e n e r g y r a n g e , we a s ­
s u m e tha t t h i s s t r u c t u r e is due to the 1 s t a t e . 

(b) Shape of the F i s s i o n P o t e n t i a l . The p o t e n t i a l - e n e r g y 
c u r v e is a s s u m e d to ^ T ^ n T T o w n in F i g . I .A.2 . In th i s p o t e n t i a l t h e r e a r e 
two types of i n t e r m e d i a t e e q u i l i b r i u m s t a t e s in the compound n u c l e u s . The 
sTates of the f i r s t we l l (the n o r m a l compound s t a t e s ) a r e deno ted a s C l a s s I 
s t a t e s and t hose of the s econd wel l a s C l a s s II. 
^ f^^ ; ; ;7 ; i J^^ ; ; r ;Sn; ; ;^^ve tag ing the -^trel data; see LA-3586 (1967). 
**Migneco, E., and Theobold, J. P., Nucl. Phys., A112, 603 (1968). 

t Ktochi, Y., and An, S., Nucl. Sci. Tech. 5, 86 (1968). 



DEFORMATION 

T h e c o n c e p t i o n of t h e s a d d l e 

p o i n t m u s t b e c h a n g e d w i t h t h i s p o ­

t e n t i a l . W h i c h b a r r i e r t o p , A a n d 

B , s h o u l d b e c o n s i d e r e d a s t h e s a d d l e 

p o i n t ? I t m a y b e r e a s o n a b l e t o r e ­

g a r d t h e h i g h e r b a r r i e r a s t h e s a d d l e 

p o i n t , c o n s i d e r i n g t h e r e l a t i o n w i t h 

t h e f i s s i o n t h r e s h o l d . 

T h e n e x t p r o b l e m i s t o d e t e r ­

m i n e w h i c h b a r r i e r i s h i g h e r . 

B j ) z i r n h o l m a n d S t r u t i n s k y * a s s u m e d 

t h a t t h e b a r r i e r B w a s h i g h e r i n t h e 

l i g h t n u c l i d e s s u c h a s " ' T h a n d t h e 

b a r r i e r A w a s h i g h e r i n t h e h e a v y 
Fig. I.A.2. Assumed Potential-energy Function 

n u c l i d e s s u c h a s " ' P u . T h i s d i s ­
c u s s i o n f o l l o w s f r o m a s y s t e m a t i c e x a m i n a t i o n of t h e a n g u l a r - a n i s o t r o p y 
b e h a v i o r of t h e f i s s i o n f r a g m e n t s n e a r t h e f i s s i o n t h r e s h o l d . 

If t h e n u c l e u s s t a y s in t h e s e c o n d w e l l f o r a c o n s i d e r ­
a b l e t i m e a f t e r p a s s i n g t h e f i r s t b a r r i e r , i t m a y f o r g e t t h e K - v a l u e w i t h 
w h i c h i t p a s s e s o v e r t h e f i r s t b a r r i e r . H e n c e t h e o b s e r v e d f r a g m e n t a n g u ­
l a r a n i s o t r o p y c o r r e s p o n d s t o t h e d i s t r i b u t i o n of t h e K - v a l u e s a t t h e s e c o n d 
b a r r i e r . If t h e s e c o n d b a r r i e r i s t h e s a d d l e p o i n t , t h e a n g u l a r d i s t r i b u t i o n 
w i l l c h a n g e d r a s t i c a l l y w i t h e n e r g y n e a r t h e f i s s i o n t h r e s h o l d , b e c a u s e d i f ­
f e r e n t c h a n n e l s h a v e d i f f e r e n t K - v a l u e s . O n t h e o t h e r h a n d , if t h e s e c o n d 
b a r r i e r i s 1-2 M e V l o w e r t h a n t h e f i r s t , t h e r e a r e s o m a n y c h a n n e l s a t t h e 
s e c o n d b a r r i e r t h a t t h e a v e r a g e K - v a l u e d o e s n o t c h a n g e w i t h e n e r g y A s 
a r e s u l t t h e a n g u l a r a n i s o t r o p y i s n e a r l y c o n s t a n t w i t h e n e r g y . 

, . '^^'^ e x p e r i m e n t a l r e s u l t s s h o w t h a t t h e f r a g m e n t a n g u ­
l a r a n i s t r o p y c h a n g e s d r a s t i c a l l y w i t h e n e r g y f o r l i g h t n u c l e i (A £ 2 3 8 ) a n d 
IS n e a r l y c o n s t a n t f o r h e a v y n u c l e i (A - 2 3 9 ) . T h i s m e a n s t h a t t h e s e c o n d 
b a r r i e r i s t h e s a d d l e p o i n t f o r l i g h t n u c l e i a n d t h e f i r s t i s t h e s a d d l e p o i n t 
l o r h e a v y n u c l e i . ^ 

A i s h i g h e r t h a n B f o r ^^°Pu. 
F r o m t h i s d i s c u s s i o n , w e c a n a s s u m e t h a t t h e b a r r i e r 

,. J ^ '^^^ d e p t h of t h e s e c o n d m i n i m u m p o i n t c a n b e p s t i 

c S : ; u Z : ^ : ^ f - " - . ° ^ ^ ^ - - ^ - e l s p a c m g s b e t w e e n C l a L r i n d 

e x c i t a U o n e n e ' ^ ' ' " ' ' " '""^ " ^ ^ ^ " '^^^' ^ P ^ " " g - ^ " ^ t h e 
e x c u a t i o n e n e r g i e s i s g i v e n b y a s i m p l e f o r m u l a b a s e d o n t h e F e r m i g a s 

Bjeirnholm, S. and Strutinsky, V. M., Nucl. Phys. A136, 7 (1969). 



< D N ' - ^5^^ 

'^-{•^) e.p{o.o56v^(y^-ysr)}, (1) 

w h e r e D j and D j j a r e the m e a n l e v e l s p a c i n g s of the C l a s s I and C l a s s II 
s t a t e s , r e s p e c t i v e l y , and E j and Ejj the c o r r e s p o n d i n g e x c i t a t i o n e n e r g i e s . 
In our c a s e 

E I = E* = E g + E„ ; E n = E * - V n , (2) 

w h e r e E* is the t o t a l exc i t a t i on e n e r g y of the compound n u c l e u s , E B the 
n e u t r o n binding e n e r g y , and E ^ the n e u t r o n e n e r g y . In the e n e r g y r a n g e 
u n d e r c o n s i d e r a t i o n , E j = E* - E g . 

Using Dj = 3 eV, Dj j = 200 eV, and E j = 6.5 MeV, we 
get E n - 4.0 MeV. H e n c e , V n = E* - E n = 2.5 MeV. 

F r o m the a s s u m p t i o n of the channe l t h e o r y wi th a 
s ing le h u m p e d potent ia l ,+ the b a r r i e r he igh t of the s add l e point i s e s t i m a t e d 
t o be 0 .15 -0 .2 MeV h i g h e r than E g for the 1+ s t a t e . Though t h i s d i f f e r ence 
d e p e n d s on the shape of the po t en t i a l b a r r i e r , we can a s s u m e tha t V ^ i s 
s l igh t ly h i g h e r t h a n E g . The e s t i m a t e d v a l u e s a r e as fo l lows: 

E g (neu t ron binding e n e r g y ) : 6.5 MeV 

V A (the f i r s t b a r r i e r he igh t ) : > E B ( 6 . 6 - 6 . 7 MeV) 

V n (the s econd m i n i m u m point) : 2.7 MeV 

V g (the s econd b a r r i e r he igh t ) : < V A 

(c) F o r m u l a t i o n of the F i s s i o n Width.'^t In t he p r e s e n t f o r ­
m u l a t i o n , we a s s u m e tha t only one C l a s s II s t a t e i s p r e d o m i n a n t in the g iven 
e n e r g y r a n g e , b e c a u s e the i n t e r m e d i a t e g r o u p s of " ' P u a r e f a i r l y w e l l s e p a ­
r a t e d . The t o t a l H a m i l t o n i a n H is d iv ided in to HQ and V, w h e r e HQ i s 
d i agona l in the s p a c e of the funct ions : 

^n (neu t ron s c a t t e r i n g s t a t e ) 

-ipf ( s c i s s i o n s t a t e ) 

0; (compound s t a t e of C l a s s I); j = i, ... I 

<t> (compound s t a t e of C l a s s II), 

Kikuchi, Y., and An, S., toe. cit. 
•'̂ "This formulation is mainly due to H. Weigmann, Z. Physik 214, 7 (1968). 



with the eigenvalues: 

<0j|Ho|0k> = Ej6jk; j , k = 1, . . . i ; 

< ' I ' |HO|*> = Eo. 

With the residual interaction V, these states a re 
mixed. In this stage we make the following two assumptions: 

(1) a Class I state has no fission channels: 
<0j|V|ff> = 0; 

(2) a Class II state has no neutron channels: 
<$|V|^n> = 0-

Then we define the matr ix elements: 

<0j|v|0k> = Vjk; j / k; 

<0j|v|<I'> = Wj; 

<*|v|^f> = Wo; 

<0j|V|^„> = Vj. 

We further assume that the mixing is weak enough to be t reated as a pe r ­
turbation. Then the perturbed wave functions of the compound nucleus are 
expressed as 

i'o L_ 
|_ j 2(Ej-E„)^ 

I W . 

Ei - Eo ^J-

W" 
1 - -

2(Ej-E„)' 
W,-

I ' j k 

' ^ i - ^ ° - j ^ k ^ K ^ 
0k- (3) 

We call -Fj and 'f, the perturbed Class I state and the perturbed Class U 
state, respectively. 

, t̂ was shown by Weidenmiiller and his co-workers* that 
e S matrices for neutron elastic scattering and neutron-induced fission 

are given by 

" * '• T. 

MQcf ™ " " " ' "• ^'^ '^"'^'- ^^'^^- ^ ' 1^3 (1^66); Weidenmuller, H. A., and Dietrich, K., ibid., 83, 332 
(iab6); Mahaux, C., and Weidenmiiller, H. A., ibid., A91, 241 (1967). 



2i6 / V^ jn 
E-Mt 

and 

Snf 
i(6n+6f) I 

1/2 1/2 _ l / 2 1 / 
•̂ jn ^jf '̂ ^on^of ' 

E - j U j E- / io 
(4) 

where |Uj and jlo are the poles that correspond to ij/j and ipo s tates, r e ­
spectively, and Tjn, Tjf, Ton, and Tof are the neutron and fission widths 
corresponding to these states. It is shown in the following how to calculate 
these pa rame te r s . The poles Ilj and jLio are given as a solution of the 
equation 

( E - E j ) 6 j k - Fjk + i^VjVk- ( l -6jk)Vjk W; 

W, (E-Eo) - Fo + iTfW^ 
(5) 

F., = P / dE' - ^ - ^ ; Fo = P f dE' 
jk J E - E' J 

where P means the principal value. 

Wf 

By assuming V. and Wo to be independent of E, we 
put Fjk = Fo = 0. Then the following sum^ rules hold 

1 Tjn + ro„ = 2^ I Y]: 
j j 

(6) 

? = r ^ Z Tjf + Tof = 2 7TWS = r ^ (V) 

where T* is the decaying width of the unperturbed Class II state (0) into 
scission. 

We also define the decaying width of the unperturbed 
Class II state ($) into the many Class I states as 

î 
27r 2 

(8) 

where the bar means the mean value T ' must be larger than r \ as the 
b a r r i e r A is higher than the b a r r i e r B. 



In the following d i s c u s s i o n , we n e g l e c t the coupl ing of 
the C l a s s I s t a t e s 0^ with each o the r ( d i r e c t l y and v i a ip^ s t a t e s ) , both 
being a s s u m e d to be s m a l l c o m p a r e d wi th t h e i r coupl ing wi th 0. Then by 
putt ing Vjk = 0 and TrViV^ = Vj^jk' -^l- (5) can be w r i t t e n a s 

D = ( E - E o + i7rW^; n ( E - E j + iTTVJ) 

L J 

- X W^ n ( E - E j + i 7 T V J ) (9) 

E - En + iTTWS -1 wt 
E - Ek + iTlV^ 

(10) 

In the ca l cu l a t i on of y.. for the p e r t u r b e d C l a s s I 
s t a t e s , we neglec t the k / j t e r m s on the r i g h t - h a n d s ide of Eq . (10) for 
/ i j , as the neu t ron width is m u c h s m a l l e r than E ; - Ej^. T h en 

/Jj - Eo + iTTWo 
Wi 

E. + irrVt 
J J 

( H ) 

By solving this quad ra t i c equat ion , we get two /ij v a l u e s . T a k i n g one whose 
r ea l p a r t is n e a r to E; , we get 

IM;U. = TTV. + 
2W^7rW^ 

J (Ej - E„)^ + T,' w: 
(12) 

Then, 

-2 Im/ i . 2TrVj + 
wjrt 

( E j - E o ) + ( l / 4 ) ( r ^ ) ' 

We can i n t e r p r e t the two t e r m s of Eq . (13) a s 

^n = ^-V]; 

jf 

wjr̂  

( E j - E o ) S ( l / 4 ) ( r ^ ) ' 

(13) 

(14) 

(15) 

p, , , E o r the p e r t u r b e d C l a s s II s t a t e , /2o is ob t a ined frc 
"'• ^^"> ^y putt ing /io ^ Eo - iTfWo on the r i g h t - h a n d s ide : 



Mo Ẑ —^ ; (16) 
E, ) + i7T(Vt,- WS) 

W^^2Tr(V-^-W^) 
To = -2Imfio = 2 7 T W J + > — - j • ^^ '' 

Equa t ion (10) can be i n t e r p r e t e d as be low, by neg lec t i ng Vj^ in the 

d e n o m i n a t o r ; 

2 7TV?W? „ Tjj^Wj 
r y J j - V ^ 
°" ^ ( E -E„) ' + ( l / 4 ) ( r f ) ' y ( E j - E o ) ' + 

(18) 

w^r* 

( i / 4 ) ( r ' ) ' 

r . . . (19) 
' ° " ^ ' ' " ^ ( E j - E o ) ^ ' ( l / 4 ) ( r V = ' ' " ^ ^ ^ ^ 

Equation (19) is consistent with the sum rule Eq. (17). 

In this formulation we do not consider the neutron 
penetration effect in r • Thus these equations must be applied in the energy 
range for which T^ is nearly constant within the energy range of averaging. 
Hence, these equations are valid above a few hundred eV. 

(d) Estimation of ^ ^ r^^Fjf, Tj^. Tof, and Ton- We use 
the Pet re l data averaged over a 50-eV range and the resonance pa ramete r s 
in the new version of E N D F / B in order to estimate these values. F i rs t , the 
contribution of the 0+, 0", 1", 2" states are calculated with the resonance 
parameters in the new E N D F / B and subtracted from the averaged fission-
cross-sect ion data so as to get the average fission cross section of the 1 + 
state. Secondly, the averaged fission widths are deduced from these average 
fission cross sections. Finally, Eq. (15) is appjied and the resonance pa ram­
eters of the intermediate resonances (Ej^, T^, W ) are obtained. The r e ­
sults are shown in Table I.A.l.* From Table I.A.I we get Dn = 210 eV and 
f^ = 56 eV. The mean fission width below 8 keV is about 60 meV. 

Averaging Eq. (15), we get 

h E,-E, J^^ fJ Dji J 

* Kikuchi, Y., to be published in Trans. ANS. 



_ ( l + ) 
Putting Dn = 220 eV and T^ ' = 60 m e V , we get 

W' = 2 (eV)^ r* S- ^W"-. = 4 eV 

Fo r the C las s II s t a t e , 

^ 7772 
^ 2^ r>Wj ^ ^ r , - r» - ^ ^ = rt 

The value of T^.^ is so s m a l l that we need not c o n s i d e r t h i s l e v e l in the 
neut ron- induced f i ss ion p r o c e s s . 

T A B L E I.A. 1. R e s o n a n c e P a r a m e t e r s of the 
I n t e r m e d i a t e S t r u c t u r e of ^^'Pu 

E R (eV) r ' (eV) W^ (eV)^ P e a k Va lue (eV) 

83 
Z66 
465 
512 

791 
995 
1138 
1340 
1800 
2301 
2450 
2677 
2788 
2953 
3160 
3256 
3683 
3800 
3930 
4192 
4444 
4563 
4900 
5236 
5517 
5610 
5798 
5821 
6180 

6546 

6699 
6799 
7032 

7367 
7451 
7548 

^ean 

22 
50 
20 
34 
25 
40 
11 
50 
20 
36 
16 

19 
55 
70 
30 
10 

no 
40 
54 
84 
43 

91 
200 
52 
76 
57 
10 
80 

230 

55 
28 
17 

69 
115 

28 
75 

56 

5.0 0.909 
1.7 0 .136 
4 .0 0 .800 
3.6 0 .424 
' • 2 0 .192 
4 .2 0 .420 
1-5 0 .545 
2.8 0.224 
"•8 0 .160 
0-5 0 .056 
0.7 0 . I 8 I 
"•7 0 .147 
1.5 0.109 
"•5 0 .286 
2-6 0 .347 
1-6 0.640 
1-8 0.065 
' • 7 0.170 
' • 2 0.089 
1-2 0.057 
1-2 0.112 
2-9 0.127 
"•8 0.016 
4-5 0.346 
4-2 0.221 
2-2 0.154 
1-3 0.520 
6-5 0.325 

3.5 0.061 
0.8 0.058 
3.9 0.557 
1.0 0.230 
1.6 0.093 
6.1 0.212 
1.7 0.249 
5.1 0.272 

2.4 0.170 



(e) Statistical Proper t ies of r . From Eq. (15), the 

stat ist ical behavior of T, is mainly due to that of WJ. As Wj is con­

sidered to be essentially the penetration probability of the subthreshold 

b a r r i e r A, the stat ist ical distribution must be the X^ distribution with one 

degree of freedom. 

The statistical distribution of T' for each Class II 
state can be estimated from Dn and V^. As r ' is the penetration proba­
bility of the second b a r r i e r B, the following relation with Dn n^ay be valid: 

» D n 

r' = T^N, 
271 

w h e r e N is the n u m b e r of c h a n n e l s at the second b a r r i e r . F r o m F* = 56 eV 
and D n = 200 eV, we get N = 1. Then T ' has a X^-d i s t r ibu t ion wi th one 
d e g r e e of f r e e d o m . 

(ii) A n a l y s e s of N e u t r o n i c C h a r a c t e r i s t i c s of R e a c t o r s and 
F u e l C y c l e s (D. A. Mene ley and L. J . H o o v e r ) 

L a s t R e p o r t e d : A N L - 7 6 4 0 , pp. 5-8 (Nov 1969). 

M i n i m i z i n g the n u m b e r of n e u t r o n e n e r g y g r o u p s u s e d in 
fue l - cyc l e c a l c u l a t i o n s can be bene f i c i a l , t h rough r e d u c e d c o m p u t a t i o n t i m e , 
if a c c u r a c y is not s e r i o u s l y c o m p r o m i s e d . To i l l u s t r a t e the effects of 
v a r i o u s g r o u p s t r u c t u r e s and co l l aps ing m e t h o d s , five d i f fe ren t c o l l a p s e d 
g r o u p s t r u c t u r e s w e r e s tud ied . Both s ing la flux s p e c t r a and r e g i o n -
dependen t flux s p e c t r a w e r e u s e d for co l l ap s ing . The r e s u l t s p r e s e n t e d for 
co l l aps ing wi th a s ing le flux s p e c t r u m w e r e p r e v i o u s l y r e p o r t e d . * The 
s t a n d a r d l i n e a r flux weight ing was used for a l l c r o s s - s e c t i o n co l l ap s ing 
wi th the following excep t ion : when us ing a r e g i o n - d e p e n d e n t flux s p e c t r u m , 
the t r a n s p o r t c r o s s s ec t i on was ob ta ined f rom T r a v e l l i ' s Eq . (42) .** 

The f u e l - c y c l e package in the ARC S y s t e m was u sed . 
REBUS, an a c r o n y m for R E a c t o r B U r n u p S y s t e m , c o m p u t e s e q u i l i b r i u m 
f u e l - c y c l e c o n d i t i o n s . In t h e s e c a l c u l a t i o n s , the b u r n t i m e or cyc le t i m e 
was d iv ided into two s u b i n t e r v a l s , wi th the f luxes c o m p u t e d at the beg inn ing 
of c y c l e , m i d d l e of c y c l e , and end of c y c l e . The b u r n t i m e was ad ju s t ed to 
ach i eve a c o r e - a v e r a g e d d i s c h a r g e b u r n u p of 100,000 M W d / t . The feed en ­
r i c h m e n t s w e r e c o n s t r a i n e d to ach i eve c r i t i c a l i t y a t the end of c y c l e . In 
addi t ion , the c o n t r o l d e n s i t i e s w e r e fixed at c y c l e - a v e r a g e d v a l u e s . The 
n e u t r o n i c s so lu t ion was done with the t w o - d i m e n s i o n a l d i f f u s i o n - t h e o r y 
m o d u l e in the ARC S y s t e m . 

*Hoover, L. ]., and Meneley, D. A., Trans. ANS 12, 441-442 (1969). 
**Travelli, A., in Reactor Physics Division Annual Report, July 1, 1967 to June 1968, ANL-7410 (Jan 1969), 

pp. 413-421. 
^Toppel. B. J., e^al., ANL-7322 (Nov 1967). 
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Two typical lOOO-MWe, oxide-fueled reactors , the GE 
Advanced and Conservative designs,* were analyzed. The Conservative de­
sign has a higher core-to-blanket leakage fraction than the Advanced 
Design. Both cores have multiple enrichment zones for power flattening 
and fractional-batch scatter-reloading fuel-management schemes. 

By use of ultrafine-group PI option in the MC^ code,** the 
microscopic cross sections were obtained from the E N D F / B file for es t i ­
mated midcycle conditions. The energy range from 10 MeV to 22.6 eV was 
divided into 26 groups, each having a lethargy width of 0.5. 

A two-dimensional diffusion-theory calculation for the 
estimated midcycle conditions gave the region-dependent flux spectrum. 
The centerline flux was chosen as the single flux spectrum. Problems were 
run using the various group structures shown in Table LA.2. 

TABLE I.A.2. Structures of Neutron Energy Groups 

13 Groups 
(eV) 

10.00 X lO"" 
36.79 X 10= 
13.53 X 10= 
49.79 X 10" 
18.32 X 10* 
67.38 X 10' 
24.79 x 10= 
91.19 X 10^ 
33.55 X 10^ 
12.34 X 10-̂  
45.40 X 10' 
16.70 x 10' 
61.44 
22.60 

8 Groups 
(eV) 

10.00 X lO*" 

22.31 X 10= 

49.79 X 10* 

11.11 X 1 O* 

24.79 X 10^ 

55.31 X 10^ 

12.34 X lO'^ 

27.54 X lO' 

22.60 

7 G r o u p s 
(eV) 

10.00 X 10^ 

13.53 X 10= 

30.20 X lO* 

67.38 X 10 ' 

15.03 X 10= 

20.35 X 10^ 

27.54 X 10' 

22.60 

6 G r o u p s 
(eV) 

10.00 X lO*" 

13.53 X 10= 

18.32 X 10* 

24.79 X 10= 

33 .55 X 10^ 

27.54 X 10 ' 

22 .60 

4 G r o u p s 
(eV) 

10.00 X 10'' 

49 .79 X 10* 

24.79 X 10= 

33 .55 X 10^ 

22.60 

With these energy group s t ruc tures , the feed enrichment 
and the breeding ratio varied less than 0.8%. The e r r o r s obtained using 
the single collapse spectrum are shown in Table I.A.3. The comparisons 
are made relative to the 13-group resul t s . The fissile mass discharge 
from the reactor agrees well with the 13-group resul ts , as does the core-
discharge fissile mass (not shown). In the blanket, however, larger e r r o r s 
can accrue. The blanket " ' P u discharge, of which the blanket fissile mass 
is mainly composed, compares favorably with the 13-group resul ts . How­
ever, note the large e r r o r s in the ^*'Pu blanket discharge. These e r r o r s 
are due to the hardness of the core spectrum used for collapsing relative 

* 
Murphy, P. M., et al., GEAP-5618 (1968). 
Toppel, B. J., et a .̂, ANL-7318 (June 1967). 



to the blanket spectrum. This causes an underestimate of the Pu capture 
rate in the blankets, which is the source of the Pu. 

TABLE I.A.3. E r r o r s Using Single 
Collapse Spectrum 

Discharge 

Fissi le Mass 
Blanket Pu-239 
Blanket Pu-241 

8 Groups 

0.1 
0.5 
4.0 

E r r o r s (%) 

7 Groups 

0.4 
0.8 

10.0 

6 Groups 

0.6 
1.3 

20.0 

By means of the region-dependent collapse, these spectral 
effects can be accounted for and the accuracy can be significantly increased. 
The resul ts for 6 groups and 4 groups are shown in Table I.A.4. Note the 
significantly smaller e r r o r s . With region-dependent collapsing, fuel-cycle 
parameters can be calculated accurately with four neutron energy groups. 

TABLE I.A.4. E r r o r s Using Region-dependent 
Collapse Spectrum 

Discharge 

Fiss i le Mass 
Blanket Pu-239 
Blanket Pu-241 

E r r o r s 

6 Groups 

0.01 
0.01, 
0.02 

(%) 
4 Groups 

0.1 
0.1 
0.2 

The conclusion from this study is that region-dependent 
collapsing can significantly decrease the e r ro r s in fuel-cycle calculations. 
For designs typical of those studied, in which the spectrum does not change 
markedly between the core and blanket, fuel-cycle calculations with eight 
neutron energy groups and a single collapse spectrum yield good accuracy 
for the feed enrichment, breeding ratio, and fissile mass discharge. With 
region-dependent collapse, four neutron energy groups yield good accuracy. 

(iii) Reactor Dynamics (D. A. Meneley and E. L. Fuller) 

Last Reported: ANL-7661, pp. 1-3 (Jan 1970). 

(a) QXl--Startup Transient Case. The following sum­
mar izes one more problem in the continuing ser ies designed to test and 
demonstrate the capabilities of the QXl code and to study the importance of 
spatial kinetics to the analysis of LMFBR's. The case is the same as the 
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one outlined in P r o g r e s s Repor t for Oc tobe r 1969, A N L - 7 6 3 2 , pp . 1-2, e x ­
cept that the ini t ia l r e ac t i v i t y was se t to - ^ by a r t i f i c i a l r e d u c t i o n of the 
total yield pe r f iss ion of the c r i t i c a l s y s t e m . The d r i v i n g s o u r c e was 
computed from the spontaneous f i s s ion decay r a t e of P u - 2 4 0 in the s y s t e m . 
The s ame ra t e of sodium r e m o v a l as in the o r i g i n a l p r o b l e m w a s a s s u m e d 
to ini t ia te the t r a n s i e n t . 

The behavior of the ampl i tude function is shown in 
Fig. I .A.3. Since the ini t ia l power is v e r y low, the Dopple r feedback t e r ­
mina t e s the f i r s t b u r s t only af ter a power r i s e of roughly 12 d e c a d e s . The 
max imum r i s e of fuel t e m p e r a t u r e at the f i r s t power peak is 345°C. F u e l 
mel t ing begins at 0.084 s e c . The m a x i m u m in s t an t aneous i n v e r s e p e r i o d 
during the f i r s t power r i s e is roughly 3000 s e c - ' , and the m i n i m u m on the 
f i r s t drop is around -3000 s e c - ' . R e f e r r a l to the i n t e g r a l p a r a m e t e r s 
plotted in Fig. I.A.4 shows that t h e r e i s no d i s c e r n i b l e f luc tua t ion in the 
slow d e c r e a s e of the p r o m p t - n e u t r o n g e n e r a t i o n t i m e c a u s e d by t h e s e l a r g e 
va lues . This shows the insens i t iv i ty of the flux shape function in the e n e r g y 
d i rec t ion to the i n v e r s e pe r iod t e r m in the shape equa t ion . If the s h a p e 
was sensi t ive to this t e r m , the gene ra t i on t i m e would d e c r e a s e for p o s i ­
tive values and i n c r e a s e for negat ive va lues b e c a u s e of s p e c t r u m c h a n g e s . 
The roughly l inear d e c r e a s e in the gene ra t i on t ime r e s u l t s f rom s p e c t r a l 
hardening following sodium r e m o v a l . 

000 0 02 0.04 006 
TIME, sec 

Rg. I.A.3. Amplitude Function after 
Uniform Voiding at t = 0 
of an Initially $1 Subcritical 
LMFBR 

0.02 004 0.06 
TIME.sec 

Fig. I.A.4. Response of Integral Parame­
ters in Problem Shown in 
Fig. I.A.3 
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The initial reactivity r ise in Fig. I.A.4 is almost l inear; 
this test case is for uniform sodium removal, so the flux-shape changes 
a re very small . The first Doppler response is very sharp because of the 
high rate of energy accumulation; then the reactivity oscillates around 
prompt cri t ical until a balance is reached between the positive insertion 
rate and the negative Doppler feedback. If the transient were continued, 
the power would r i se slowly because of the I / T dependence of the feedback. 

b. Fast Crit ical Exper iments--Theoret ica l Support--Idaho 

(i) Supplementary Analytical Interpretation of Integral Data 
(R. G. Palmer) 

Last Reported: ANL-7606, pp. 11-12 (Aug 1969). 

(a) U-238 In-cell Capture Rates for ZPR-3 Assemblies 53 
and 54. Relative U-238 capture rates at eight positions in the central unit 
cell of ZPR-3 Assemblies 53 and 54 have been determined both theoretically 
and experimentally. For the experiments, depleted uranium foils were i r ­
radiated in the cell locations as shown in Fig. I.A.5. The foils were counted 

3.0 1.0 

IK-CELL POSITION (CM) 

Fig. I.A.5. U-238 In-cell Capture Rates in ZPR-3 Assemblies 53 and 54 
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by a Ge(Li) gamma-ray spectrometer. The activations were obtained from 
three gamma rays (energies of 209.8, 228.2, and 277.6 keV) which follow 
the beta decay of Np-239. The experimental e r ro r s of ±1.5% include a con­
tribution from statistics of ±0.4%. 

Heterogeneously self-shielded, 23-epithermal-group 
neutron cross sections generated by MC were used by the TESS t ranspor t 
code in a one-dimensional, double S12 cell calculation. The amplitude 
variation exhibited by this calculation was clearly too small, because the 
self-shielding of each foil was inadequately accounted for. 

Essentially "exact" calculations of the reaction ra tes 
in each foil were obtained from the integral t ransport code RABID. U-238 
capture cross sections in the energy range from 24.8 to 3.35 keV (a span 
of 8 MC^ fine groups, each 0.25-lethargy unit wide) were obtained from 
statistically generated resolved resonance sequences for ( i , j ) states of 
(1/2, 0), (1/2, 1), and (3/2, 1). The Schmidt tabulation was used for both the 
unresolved and the resolved resonance parameters . The resonance se ­
quences were centered on each MC^ fine group. Resolved U-238 resonances 
were used from 3.35 keV down to 13.7 eV. Resolved resonances for Al, Fe, 
Cr, and Ni were used over 24.8 keV to 13.7 eV. Smooth cross sections for 
Pu-239 were used down to 275 eV, below which resolved resonance pa rame­
ters were used. Similarly, Pu-240 was accounted for by smooth cross 
sections above 130 eV, and resolved resonances below. Fine-group fluxes 
from an ultrafine-group homogeneous MC^ calculation were used to weight 
the RABID foil reaction rates . Above 24.8 keV the spatial flux was very 
flat, the self-shielding of each foil became uniform, and the contribution to 
the total capture rate was about 28%. The RABID calculations a re the same 
(to within 0.3%) whether a spatially flat flux is assumed above 24.8 keV, or 
if TESS spatial fluxes are used to weight the foil activations. Also, the' 
contribution by neutrons below 13.7 eV is negligible. The amplitude va r i ­
ation shown by this calculation would be expected to increase slightly if 
resonance sequences were used above 24.8 keV, but not enough to display 
the experimental variation. 

, ,, „ . " ^̂  concluded that broad-group t ransport calculations 
l\i\J '^^'""•'^ '•^"'^ ' " ^°^^' ^'•^ '"^'^^^ inadequate, and that "exact" 
RABID calculations agree fairly well with experiment. Uncertainties in 
U-238 resonance parameters may explain those differences remaining be­
tween theory and experiment. 

'"^ ZPR Heterogeneity Method Development (R. G. Palmer) 

Last Reported: ANL-7640, pp. 8-9 (Nov 1969). 

"'^'^^°geneity factors, sodium-void effects, and central 
mple worths have been calculated in GEDANKEN 1 (see P rogress Report 

lor August 1969, ANL-7606, pp. 8-10) using various spatial homogenization 
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p r o c e d u r e s . T h e r e s u l t s a r e s u m m a r i z e d i n T a b l e I . A . S . T h e " e x a c t " 

r e s u l t s a r e b a s e d o n 1 2 - g r o u p o n e - d i m e n s i o n a l t r a n s p o r t c a l c u l a t i o n s u s i n g 

t h e T E S S c o d e w i t h e x t r a p o l a t i o n s t o S „ . T h e f l u x e s f o r t h e w e i g h t i n g p r o ­

c e d u r e s w e r e o b t a i n e d f r o m SI 2 c a l c u l a t i o n s f o r a n i n f i n i t e l y r e p e a t i n g u n i t 

c e l l w i t h u n i f o r m - g r o u p - d e p e n d e n t p s e u d o a b s o r p t i o n c r o s s s e c t i o n s D g B g 

a d d e d . R e a l f l u x a n d b i v a r i a t e , r e a l , a n d a d j o i n t f l u x , w e i g h t i n g h o m o g e -

n i z a t i o n s w e r e t h e n p e r f o r m e d a n d t h e c r o s s s e c t i o n s u s e d f o r t h e w h o l e 

r e a c t o r c a l c u l a t i o n s . 

T A B L E I .A .5 . R e s u l t s of V a r i o u s Weight ing P r o c e d u r e s on 
" E x p e r i m e n t s " in GEDANKEN I 

R e a l 
Weighting 

B i v a r i a t e 
Weighting 

V o lume 
Weight ing 

H e t e r o g e n e i t y F a c t o r , A k / k 
N o r m a l C o r e 
Half S o d i u m - v o i d e d C o r e 
F u l l y S o d i u m - v o i d e d C o r e 

S o d i u m - v o i d Ef fec t s , Ak 
Half S o d i u m - v o i d e d 
F u l l y S o d i u m - v o i d e d 

C e n t r a l S a m p l e Wor th , Ak 

0.01 c m •'Pu 
0.10 c m " ' U 
0.25 c m '^C 

0.00634 
0.00518 
0.00391 

0.00159 
0.00236 

0.00567 
0.00665 
0.00183 

0.00614 
0.00501 
0.00370 

0.00156 
0.00238 

0.00570 
0.00679 
0.00182 

0.00554 
0.00443 
0.00334 

0.00154 
0.00213 

0.00556 
0.00657 
0.00159 

0.00042 
0.00008 

0.00563 
0.00654 
0.00161 

C o m p a r e d wi th the " e x a c t " r e s u l t s the h e t e r o g e n e i t y f a c ­
t o r p r e d i c t e d by the r e a l we igh ted p r o c e d u r e a r e about 5% or l e s s , and 
12 to 15% for the b i v a r i a t e m e t h o d . F o r the s o d i u m - v o i d r e a c t i v i t y effects 
the r e a l we igh ted r e s u l t s a r e wi th in 2% and the b i v a r i a t e s o m e w h a t h i g h e r . 
As m i g h t be e x p e c t e d , the s i m p l e v o l u m e - w e i g h t e d r e s u l t s a r e qui te p o o r . 
F o r the " ' P u and " ' U c e n t r a l r e a c t i v i t y s a m p l e the r e s u l t s a p p e a r to be 
f a i r l y i n s e n s i t i v e to how the e n v i r o n m e n t i s t r e a t e d , and they a l l give good 
r e s u l t s to wi th in 2%. In the c a s e of the c a r b o n s a m p l e the r e a l we igh ted 
c a s e i s c l o s e , but the o the r two a r e a r o u n d 12% too low. 

One could conc lude f r o m t h e s e r e s u l t s t h a t the r e a l w e i g h t -
ins p r o c e d u r e g ive s good r e s u l t s for a l l t h r e e a s p e c t s and tha t b i v a r i a t e 
i s j u s t a l i t t l e w o r s e . T h e r e is no e v i d e n c e of the 20-30% r e a c t i v i t y d i s ­
c r e p a n c i e s for c e n t r a l r e a c t i v i t y s a m p l e s found in r e a l e x p e r i m e n t s that 
was thought m i g h t be due to the way in which the s a m p l e e n v i r o n m e n t i s 
t r e a t e d T h e s e r e s u l t s a r e for one spec i f i c Gedanken , h o w e v e r . F u r t h e r 
Gedanken e x p e r i m e n t s a r e be ing s tud ied , in p a r t i c u l a r a t w o - z o n e , p o w e r -
f l a t t ened , inf ini te s l ab c o r e . 
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2. Experimental Reactor Physics 

a. Fast Critical Experiments--Experimental Support--Idaho 

(i) Neutron-spectrum Measurements (G. G. Simons) 

Last Reported: ANL-7640, pp. 10-12 (Nov 1969). 

The fast-neutron spectrum (see Fig. I.A.6) was measured 
at a near-core-center position (l-P-16) in ZPR-3 Assembly 58 using the 
proportional-counter proton-recoil spectrometer system. A nominal 
5/8-in. hydrogen counter and a nominal 15/l6-in. methane counter were 
used to cover the neutron energy range from 0.33 keV to 2.37 MeV. 

ie90 
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338 

169 
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— t — r -
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1 ' 
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" T T T ^ 

1 1 " " 1 1 ' 

/II/69 

1 : 

' ' ' 'i',^A 
N' \ 

r \ 
I \ 

\ 
\ 

-
-
-
; 

Fig. I.A.6. Neutron Spectrum at Position l-P-16 in ZPR-3 Assembly 58 
Measured with the Propordonal-counter Neutron Spectrometer 

The combined neu t ron - and g a m m a - r a d i a t i o n l e v e l for the 
cr i t i ca l configuration (see Fig . I .A.7, p . 22, of ANL-7640) with a l l c o n t r o l 
and safety rods withdrawn was exces s ive for p r o p e r s p e c t r o m e t e r s y s t e m 
operat ion. The loading change r e q u i r e d exchanging ou te r c o r e fuel d r a w e r s 
for ref lec tor d r a w e r s until the d e s i r e d lower flux l eve l s w e r e ob ta ined . 
For the n e u t r o n - s p e c t r u m m e a s u r e m e n t , the c o r e out l ine was 70 fuel 
d r awer s in half one and 69 fuel d r a w e r s in half two; a l l c o n t r o l and safe ty 
rods and the neutron source w e r e wi thdrawn. The r e a c t o r was 7% A k / k 
subcr i t ica l . ' 

The re la t ive ly soft neu t ron s p e c t r u m c l e a r l y r e f l e c t s the 
presence of the i ron in the c o r e , e spec i a l l y at a p p r o x i m a t e l y 30 and 85 keV 
which cor respond to two l a rge r e s o n a n c e r eg ions for i r o n . The flux d e -

I i k l X e ' M ) ^ ^ T^ " ' * ' ' ' ' " ' ' °' '"-^ c o r r e s p o n d i n g i r o n r e s o n a n c e . 
^ t Z depressions may be attributable to either further iron 

i i ^ 2 Z T V r r ' " ' " '"' " ' ' ' ^ " ' ' ^1^^° - - - . -nd aluminum. It is dif-
bast oveJalMa k f T'^' ° ' '""^'^ " " '^ depressions truly because of the 
basic overall lack of structure present in the spectrum. 
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This neutron-spectrum measurement was the last which 
will be made using the basic spectrometer without pulse-pileup circui try. 
The high count-rate system (see Fig. I .B.I, p. 3, P rogress Report for 
March 1969, ANL-7561) will allow data to be accumulated at count rates 
between 10,000 and 30,000 cps, compared to the 6,000 cps for this 
measurement . 

b. Fast Cri t ical Experiments--Experimental Support--Illinois 

(i) Pulsed, Cross-corre la t ion, and Noise Measurements 
(C. E. Cohn) 

Last Reported: ANL-7632, pp. 4-5 (Oct 1969). 

The circuit* shown in Fig. I.A.7 will accept either positive 
or negative pulses of 1 V or larger and shape them into a form suitable for 

use with RTL computer logic. The 

PULSE f 
I N P U T S ! NEG. NORMALLY 

LOW! 
NORMALLY[ OUTPUTS 

HIGHJ 

output f rom the c i r c u i t wi l l have 
s h a r p t r a n s i t i o n s even if the input 
p u l s e s have v e r y long r i s e and fal l 
t i m e s . 

In the q u i e s c e n t s t a t e , the 
2N3904 t r a n s i s t o r wi l l be cut off, 
and the i n v e r t e r following it wi l l be 
full on. When a p u l s e a p p e a r s , the 
t r a n s i s t o r wi l l r e c e i v e b a s e d r i v e 
and beg in to conduc t . When the in ­

v e r t e r c o m e s out of s a t u r a t i o n , the t r a n s i s t o r wi l l r e c e i v e add i t i ona l b a s e 
d r i v e . The r e s u l t i n g r e g e n e r a t i v e ac t ion wi l l r a p i d l y t u r n the t r a n s i s t o r 
full on and the i n v e r t e r full off. 

Fig. I.A.7. Universal Pulse Input for RTL Logic 

When the p u l s e t e r m i n a t e s , the i n v e r s e ac t i on wi l l o c c u r . 
The r e g e n e r a t i v e loop h a s enough h y s t e r e s i s to give s h a r p , b o u n c e - f r e e 
t r a n s i t i o n s . 

F F T F C r i t i c a l A s s e m b l y E x p e r i m e n t s -
E v a l u a t i o n (A. T r a v e l l i ) 

-P lann ing and 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp. 10-11 ( j an 1970). 

The r e s u l t s of c a l c u l a t i o n in diffusion t h e o r y of the r a d i a l 
v a r i a t i o n of the B - 1 0 c a p t u r e , U-238 f i s s ion , P u - 2 3 9 f i s s ion , and N a - 2 3 
c a p t u r e r a t e s in the Z P P R / F T R - 2 a s s e m b l y wi th no fuel s t o r e d in the 

Cohn, C. E., The Electronic Engineer, "IC Ideas," 28, No. 6 91 (1969). 



shield have been given (see ANL-7661 and P r o g r e s s R e p o r t for D e ­
cember 1969, ANL-7655, pp. 6-9) . The n e u t r o n f luxes u s e d in t h e s e c o m ­
putations were obtained f rom a D I F F - 2 D d i f fu s ion - theo ry so lu t ion in R , Z 
geomet ry , in which the shie ld s e c t o r was a s s u m e d to span o v e r 360°. 

The s ame r eac t i on r a t e s a t the s a m e p o s i t i o n s us ing the s a m e 
c r o s s sect ions have now been computed for the c a s e of fuel s t o r e d in the 
shield. The neut ron fluxes for the r e a c t o r w e r e aga in ob ta ined f r o m a 
diffusion solution in R,Z g e o m e t r y . However , in o r d e r to s i m u l a t e the 
leakage in the d i rec t ion p e r p e n d i c u l a r to the p lane in which the t h r e e r a d i a l 
t r a v e r s e m e a s u r e m e n t s w e r e m a d e , f ic t i t ious D B | a b s o r b e r s w e r e added 
at each rad ia l m e s h point for a l l ax ia l va lues c l o s e r to the m i d p l a n e than 
the co re half -height . The Bg va lues w e r e g r o u p - d e p e n d e n t and R - d e p e n d e n t . 
They were der ived f rom the flux solut ions of an R,0 r e p r e s e n t a t i o n of the 
r e a c t o r and shield s e c t o r with s t o r e d fuel. Thus the so lu t ion of the R , Z 
p rob lem has meaning only in the plane of the m e a s u r e m e n t s , but i n c l u d e s 
the effect of the az imutha l f in i teness of the fuel s t o r e d in the s h i e l d and of 
the shield itself. 

Fo r r e f e r e n c e , the r eac t i on r a t e s w e r e r e c a l c u l a t e d for the 
case of no s to red fuel using R,Z flux solut ions obta ined by the s a m e t e c h ­
nique, where the Bg w e r e de r ived f rom the so lu t ions of an R , 9 r e p r e s e n t a ­
tion of the r e a c t o r and shield s e c t o r without s t o r e d fuel. T h e s e r e a c t i o n 
r a t e s ag reed with those p rev ious ly computed (see P r o g r e s s R e p o r t for 
December 1969, ANL-7655, pp. 6-9), a s s u m i n g z e r o S - l e a k a g e , wi th a r e l a ­
tive d i sc repancy of 7% or l e s s . 

In F i g u r e s I.A.8 through I.A.19 computed r e a c t i o n r a t e s a r e 
compared on a logar i thmic sca le with m e a s u r e d v a l u e s , * wi th s t o r e d fuel in 
the upper graph ( rad ia l pos i t ion indica ted by dot ted l i ne s ) and wi thout i t in 
the lower graph. 

In F i g u r e s I.A. 14 and I.A. 15 (Pu-239 f i s s ion) and I .A. 17 and 
1.A.18 (Na-23 cap ture ) r eac t i on r a t e s computed with c o r e - a v e r a g e d c r o s s 
sections differ enough f rom the r a t e s computed wi th the r a d i a l r e f l e c t o r -
r r " l ' ' V ' ° ' ' "^"^'^""^ ^° 'l^^t l abe l s a r e p rov ided . In a l l o the r t r a v e r s e s 
through the core the difference is a l m o s t i n d i s t i n g u i s h a b l e . The t r a v e r s e s 
at an axial posi t ion 55.88 cm f rom the c e n t e r a r e t h r o u g h the a x i a l r e ­
flector (see ANL-7655, p . 6-9). H e r e the r e a c t i o n r a t e s c o m p u t e d wi th the 

r a d t l ' c t ? " ' ' ^ " ° ' ' ' ' ' ' ' ° " ^ "^^ ^1^° ^ l - ° ^ t i d e n t i c a l wi th t h e i r 
radial counte rpar t . 

P„ ?^q J^^ re la t ive ly soft flux componen t s which a c t i v a t e B - 1 0 and 
Pu-239 a r e dep re s sed by the p r e s e n c e of s t o r e d fuel in the s h i e l d . T h e s e 

^ ^ p o t t for December 1969, ANL-7655, pp. 29-37; FFTF Monthly Progress Report, pp. 9-16 
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depressions do not extend far enough to be seen in the 55.88-cm t r ave r se . 
Notice that a soft flux component appears to be present (possibly due to 
room backscat ter) , which increases the experimental reaction rate at the 
outer radius, but which is not present in the computation. 

On the other hand, the relatively hard flux which activates 
U-238 shows a maximum in the stored fuel which extends far enough to be 
seen in the 55.88-cm t r ave r se . Stored fuel has only a small net depress ­
ing effect on the flux components which activate Na-23. 

In general , the qualitative agreement between calculated and 
experimental data is satisfactory when one considers the approximate na­
ture of the computations. In part icular , the method used to take into account 
the azimuthal finiteness of the shield and of the stored fuel appears to be 
quite satisfactory. The main discrepancy is found in the negative gradient 
of the computed curves for reaction rate, which is usually more negative 
than the slope of the corresponding experimental curves in the shield region. 
This difference depends on the part icular reaction and on the axial po­
sition and may be attributed to the deficiencies of diffusion theory, to angu­
lar dependence of the scattering mat r ices , or to the cross sections used. 
The effect could also be due to flux streaming down the channel through the 
assembly in which the t r ave r se tube is placed; however, the Na-23 curves 
for no fuel stored (see Figs. I.A.17 -LA.19) seem to contradict this ex­
planation, because there is no channel for streaming in these cases and the 
effect is still present . 
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3 . Z P R - 6 a n d - 9 O p e r a t i o n s a n d A n a l y s i s 

a. C l e a n C r i t i c a l E x p e r i m e n t s (W. Y . K a t o a n d R . A . K a r a m ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , p p . 9 - 1 0 ( D e c 1 9 6 9 ) . 

(i) Z P R - 6 A s s e m b l y 6 A . T h e e x p e r i m e n t s p l a n n e d f o r Z P R - 6 

A s s e m b l y 6 A h a v e b e e n c o m p l e t e d . 

T h e c r i t i c a l m a s s of A s s e m b l y 6 A , c o r r e c t e d f o r e x c e s s 

r e a c t i v i t y a n d f o r t h e d i f f e r e n c e i n f u e l a r r a n g e m e n t i n t h e o u t e r r e g i o n , 

w a s 1798 k g . T h e d i f f e r e n c e b e t w e e n t h e f u e l a r r a n g e m e n t i n t h e i n n e r a n d 

o u t e r r e g i o n s w a s a s f o l l o w s : " ^ U p l a t e s , l / S - i n . t h i c k , w e r e u s e d i n e v e r y 

o t h e r 2 - o r 3 - i n . s e g m e n t of t h e u n i t c e l l of t h e o u t e r r e g i o n . C o n t i n u o u s 

l / l 6 - i n . - t h i c k ^'^U f u e l c o l u m n s w e r e u s e d i n t h e i n n e r r e g i o n . T h e c o r r e c ­

t i o n t o t h e f u l l y u n i f o r m s y s t e m w i t h t h e u n i t - c e l l c o n f i g u r a t i o n of t h e i n n e r 

r e g i o n w a s e s t a b l i s h e d b y d e t e r m i n i n g t h e r e l a t i v e r e a c t i v i t y b e t w e e n t h e 

l o a d i n g p a t t e r n s b y p r o g r e s s i v e m a t e r i a l s u b s t i t u t i o n i n o n e q u a d r a n t a n d 

t h e n e x t r a p o l a t i n g t o t h e fu l l c o r e . 

C e n t r a l r e a c t i v i t y w o r t h s of R e , W , T a , ^°B, " ^ U , ^^^U, 

^^ 'Pu , C, B e , N a , a n d s t a i n l e s s s t e e l w e r e m e a s u r e d i n t h e " s o d i u m - i n " 

c o n f i g u r a t i o n . 

T h e r e a c t i v i t y w o r t h s of t h e c o r e m a t e r i a l s -were m e a s u r e d 

in t h e e n v i r o n m e n t of t h e c o r e - l o a d i n g p a t t e r n . T h i s m e a s u r e m e n t c o m ­

p r i s e d t h e o s c i l l a t i o n of t w o 2 x 2 x 2 - i n . s t a i n l e s s s t e e l - c l a d c a n s , r e l a t i v e 

to e a c h o t h e r , l o a d e d i n e s s e n t i a l l y t h e s a m e m a n n e r a s i n t h e c o r e . A d d i ­

t i o n a l l y , t h e c e n t r a l r e a c t i v i t y w o r t h s of " ^ U , "^U, ' ° B , R e , W , C , a n d B e 

w e r e m e a s u r e d i n a 4 0 - c m - r a d i u s , s o d i u m - f r e e c e n t r a l r e g i o n . 

T h e p e r t u r b a t i o n d e n o m i n a t o r w^as m e a s u r e d w i t h a p r o ­

c e d u r e p r e v i o u s l y d e s c r i b e d . * T h i s q u a n t i t y w a s a l s o m e a s u r e d w i t h t h e 

s o d i u m r e m o v e d f r o m t h e c e n t r a l r e g i o n of 4 0 - c m r a d i u s . 

T h e s o d i u m - v o i d c o e f f i c i e n t w a s m e a s u r e d a s a f u n c t i o n 
of a x i a l p o s i t i o n i n s e c t i o n s 6 i n . l o n g i n t h e n i n e c e n t r a l d r a w e r s . T h i s 
c o e f f i c i e n t w a s a l s o m e a s u r e d a s a f u n c t i o n of r a d i u s . I n t h e s e m e a s u r e ­
m e n t s , s o d i u m - f i l l e d c a n s , e x t e n d i n g 7 i n . i n e a c h h a l f , w e r e r e p l a c e d w i t h 
e m p t y c a n s . 

T o s a t i s f y t h e r e q u i r e m e n t t h a t t h e t r u e p l a t e - a n d c e l l -
a v e r a g e d v a l u e s of t h e r a t i o of " ^ U f i s s i o n a n d c a p t u r e t o " = U f i s s i o n b e 
e s t a b l i s h e d o v e r t h e t o t a l c o r e a n d b l a n k e t , f o i l m e a s u r e m e n t s w e r e m a d e 
at t h e f o l l o w i n g l o c a t i o n s : 

Katam, R. A., NucL Sci. Eng. 37, 192 (1969). 
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a. core center ( l / l 6 - i n . enriched unit cell), 

b . core-ref lector radial interface ( l / l 6 - i n . enriched 
unit cell), 

c. one drawer from radial interface ( l / l 6 - i n . enriched 
unit cell), 

d. regions III and IV ( l /8 - in . enriched unit cell), 

e. 2 in. in radial reflector, 

f. axial reflector interface, 

g. 2 in. from axial interface into the core, 

h. 2 in. in axial reflector, and 

i. corner of core where axial and radial reflectors meet. 

Reaction-rate t raverses for linking the spatial dependence 
of the unit-cell reaction rates measured at the specific points described 
above were measured at two positions within the unit cell: (1) between one 
U3O8 and the adjacent sodium can and, (2) between the ^̂ ^U and "^U plates . 
The fission and capture ra tes in "^U were measured at the first position, 
and the same reaction rates in "*U and fission rates in "^U were measured 
at the second position. These reaction rates were measured at the mid­
plane every 6 in. along the horizontal radius and at the core-ref lector in­
terface of the 45° radius. Additionally, these rates were determined every 
6 in. along the axial dimensions. 

Axial t r averses with "*U and "^U for the purpose of ex­
tracting mater ia l buckling were made every 1/2 m. Radial t r ave r ses were 
made at two positions in every drawer. These were carr ied through the 
blanket. The "*U fission rate was measured as a function of plate position. 
Additionally, reaction ra tes indicative of the distribution of resonance 
neutrons were measured by manganese activation within the "^U plate and 
across the unit cell . 

All data are being processed and analyzed. 

b . Mockup Experiments ( J .W. Daughtry) 

Last Reported; ANL-7661, pp. 15-16 (Jan 1970). 

(i) Correction of Incorrectly Reported Drawer Loading. The 
drawer loading patterns for FTR-3 (ZPR-9 Assembly 26) were reported 
in the P r o g r e s s Report for December 1969, ANL-7656, pp. 10-13. The 
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loading pa t t e rn for the i n n e r - c o r e , T y p e - A dr a we r s, s hown a s F i g ^ I ^ A . l O , 
p . 11, is i n c o r r e c t . The c o r r e c t loading p a t t e r n is g iven m F i g . I . A . 2 0 . 

zzz 
r I c I c I C I C I c I c c I e 

I c I c I r. I c I c I c 

Fig. I.A.20 

BEFLECTOR Loadlug Pattetu for Inner-
core Drawer-type A 

D = Pu-U-MO 

(ii) Adjus tments of F T R - 3 Rad ia l R e f l e c t o r . Fo l lowing the 
initial c r i t i ca l i ty of F T R - 3 , 128 tubes of r a d i a l - r e f l e c t o r m a t e r i a l w e r e 
removed from the outer edge of the a s s e m b l y . As u s e d h e r e , a tube of 
m a t e r i a l is 2 x 2 x 60 in., i . e . , the contents of a m a t r i x tube ex tend ing 
through both halves of the r e a c t o r . The n icke l f r o m t h e s e 128 t u b e s , a p ­
proximate ly 2680 kg, was shipped to Idaho to be u s e d for an E B R - I I c r i t i ­
cal exper iment with Z P R - 3 . 

The r e su l t i ng F T R - 3 conf igura t ion (see F i g . I .A.21) w a s 
subcr i t i ca l . In o rde r to achieve c r i t i c a l i t y again wi thout modifying the 
fuel or p e r i p h e r a l boron cont ro l zones , d r a w e r s con ta in ing s t a i n l e s s s t e e l 
and sodium were added a round the p e r i p h e r y of the r a d i a l r e f l e c t o r . A 
total of 224 tubes of th is type w e r e added, giving the m a t r i x loading p a t t e r n 
shown in Fig . I .A.22. The a tom d e n s i t i e s in th i s ou te r r e g i o n con ta in ing 

RADIAL REFLECTOR 
RADIAL SHIELD RADIAL REFLECTOR 

PERIPHERAL CONTROL ZONES 

' ^ * i l l » l l l « l l l « I I I M I I i a i i i MTT-n i 
° ' '° IS 20 Z5 30 35 40 

Fig. 1A.2I. Subciitical FTR-3 Configuration due 
to Partial Removal of Radial Reflector 

Fig. I.A.22. New FTR-3 Reference 
Configuration 
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s t a i n l e s s s t e e l and s o d i u m ( h e r e a f t e r , r e f e r r e d to as the r a d i a l sh ie ld ) a r e 
g iven in T a b l e I .A .6 . The inne r r i n g of the r a d i a l sh ie ld , c o n s i s t i n g of 
128 t u b e s , is loaded as shown in F i g . I .A .23 , which is i den t i ca l to the r a d i a l 
r e f l e c t o r load ing p a t t e r n excep t tha t the n i cke l has b e e n r e p l a c e d by s t a i n ­
l e s s s t e e l . The o u t e r r ing of the r a d i a l sh ie ld , c o n s i s t i n g of 96 t u b e s , i s 
l o a d e d as shown in F i g . I .A .24 . The d r a w e r s in the ou te r r ing w e r e loaded 
d i f f e ren t ly only b e c a u s e t h e r e was an insuff ic ient i n v e n t o r y of s t a i n l e s s 
s t e e l of the s i z e s r e q u i r e d to load the e n t i r e r a d i a l sh ie ld l ike F i g . I . A . 2 3 . 

T A B L E I .A .6 . Atom D e n s i t i e s in the Radia l Shie ld 

E l e m e n t 10^' a t o m s / c m E l e m e n t 10^' a t o m s / c m ^ 

Na 
Fe 
Cr 
Ni 

6.7 54 
39.022 
11.258 

5.372 

Mn 
C 
Mo 

0.827 
0.105 
0.036 

STAINLESS STEEL 

STAINLESS STEEL 

STAINLESS STEEL 

STAINLESS STEEL 

SOOIUM 

STAINLESS STEEL 

SOOIUM 

Fig. LA.23. Loading Pattern for Radial 
Shield--Inner Ring 

Fig. f.A.24. Loading Pattern for Radial 
Shield--Outer Ring 

The ou te r r a d i u s of the r a d i a l r e f l e c t o r is now 85.4 cm; 
the o u t e r r a d i u s of the r a d i a l sh i e ld is 97.4 c m . The ax ia l he igh t of the 
r a d i a l s h i e l d is 154.4 c m , the s a m e as the r a d i a l r e f l e c t o r . The m a t r i x 
load ing p a t t e r n as shown in F i g . I .A.22 is the new r e f e r e n c e conf igura t ion 
for the F T R - 3 c r i t i c a l e x p e r i m e n t s p r o g r a m . 

(iii) M e a s u r e m e n t of C e n t r a l N e u t r o n S p e c t r u m . The n e u t r o n -
s p e c t r u m m e a s u r e m e n t was s c h e d u l e d e a r l y in the p r o g r a m of e x p e r i ­
m e n t s so tha t the g a m m a - r a y b a c k g r o u n d would be as low as p o s s i b l e . The 
m e a s u r e m e n t w a s m a d e n e a r the c e n t e r of the a s s e m b l y u s ing the p r o t o n -
r e c o i l c o u n t e r t e c h n i q u e . It was n e c e s s a r y to have the r e a c t o r in a s u b -
c r i t i c a l s t a t e due to the e x c e s s i v e l y high count r a t e s tha t one would have 
w i t h the r e a c t o r c r i t i c a l . The s p e c t r u m m e a s u r e m e n t was m a d e wi th the 
r e a c t o r conf igu ra t ion as shown in F i g . I . A . 2 1 . All t en b o r o n r o d s w e r e 
fully i n s e r t e d , and n ine of the t en fuel b e a r i n g r o d s w e r e fully w i t h d r a w n . 
The one f u e l - b e a r i n g rod at m a t r i x loca t ion M 2 4 - 2 3 was left fully 
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inserted, since it was m the tube adjacent to the proton-recoil counter. 
Based on subsequent calibrations of all control and safety rods, the reactor 
was approximately 2.1% (about $7) subcritical. The resul ts of the m e a s ­
urement are being analyzed and will be reported at a later t ime. 

(iv) Calibrations of Control and Safety Rods. All control and 
safety rods have been calibrated in the new critical FTR-3 reference con­
figuration. The total worth of the ten fuel-bearing rods and ten boron rods 
was slightly less than 2% Ak/k. In order to meet the operational requ i re ­
ment that there be at least 2% Ak/k shutdown margin due to rod action, an 
additional boron safety rod was installed. Table I.A.7 gives the locations 
of all fuel-bearing and boron rods as well as the measured worth of each 
rod. The calibrations were done by the inverse kinetics method using an 
SEL-840 computer on-line. 

TABLE I.A.7. Worths of Control and Safety Rods 

Rod No 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

Location 

Fuel Bearin 

M 21-21 
M 21-25 
M 24-19 
M 24-23 
M 24-27 
S 16-20 
S 16-26 
S 24-27 
S 30-26 
S 30-19 

Total 

W 

I h 

g Rods 

94.5 
94.5 
88.0 
95.0 
88.0 
81.5 
81.5 
88.0 
81.5 
76.5 

869.0 

orth 

% 

0 

Ak/k 

817 

Rod No 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

11 

Location 

Boron 

M 19- 16 
M 27-16 
M 30-23 
M 27-30 
M 19-23 
M 16-23 
S 19-16 
S 27- 16 
S 30-23 
S 27-30 
S 19-30 

Total 

Worth 

I h 

Rods 

120.5 
120.5 
144.0 
120.5 
120.5 
145.0 
120.5 
120.5 
144.0 
120.5 
120.5 

1397.0 

% Ak/k 

1.313 

-2266.0; % Ak/k- -2 .130 . 

4- ZPR-3 and ZPPR Operations and Analysis 

a. Clean Critical Experiments 

Last Reported: ANE-lbbl, pp. 16-20 (Jan 1970). 

(i) Integral Measurement of "^Pu Alpha ( P . I . Amundson and 
W. Y. Kato) 

Assembly 57 of ZPR-3 (see P rogres s Report for June 1969, 
ANL-7581, pp. 8-11) was built on ZPR-3 in order to i r radiate at its center, 
a small sample of highly purified " ' P u and measure the capture-to-fission 
ratio. The captures in " ' P u were measured using mass - spec t romet r i c 
techniques whereas the fissions were determmed by measuring the activ­
ity of the '«Ba fission product. 



31 

The total number of fissions occurring in a ^^'Pu sample 
during the long irradiat ion was determined by measuring the gamma activity 
of '*'Ba by gamma spectrometry . Calibration of the ''^Ba gamma activity 
was accomplished by irradiating nanogram amounts of plutonium m con­
tact with mica f iss ion-track recorders and mil l igram amounts of plutoni­
um for '•^Ba-activity determination in a shorter irradiation in the same 
assembly. The total number of plutonium fissions occurring during the 
short i rradiat ion was determined by counting the fission t racks in the mica 
t rack r e c o r d e r s . The ratio of the specific "°Ba activities between the 
short- and long-term irradiat ions and the absolute number of fission^s^from 
the t rack recorders resulted m 331 ± 5 and 344 + 5 fissions per 10 Pu 
atoms for two samples in the long irradiation. 

The total number of captures occurring in the Pu sam­
ples was determined by measuring the " " P u / ^ ' P u atom ratio for both i r ­
radiated and control samples of the highly purified, low-"°Pu sample using 
a tandem mass spect rometer . Unirradiated or control " ' P u samples; a 
value of 25 ± 4 ppb of ^^'Pu was obtained. Two irradiated samples gave 
values of 142 ± 7 and 153 ± 7 ppb ^^"Pu atoms corresponding to the two 
fission samples . This resul ts in a value of 0.363 ± 0.024 for 'Pu alpha 
(capture-to-fission ratio). 

Calculations of the alpha value of " ' P u for this experiment 
have been made using the E N D F / B differential c ross-sect ion data above 
25 keV and ENDF/B, and the data of Gwin and of Schomberg between 0.1 and 
25 keV Alpha values of 0.283, 0.325, and 0.408 were obtained using a theo­
retically calculated spectrum and the E N D F / B . Gwin, and Schomberg data, 
respectively. If the time-of-flight measured spectrum is used instead of 
the theoretical spectrum, the theoretical alpha values become 0.264, 0.303, 
and 0 370 In order to get agreement with the experimentally measured cen­
tral integral alpha value of 0.363 ± 0,024, it appears necessary to use dif­
ferential alpha values greater than the Gwm data but lower than the 
Schomberg values in the energy range from 0.1 to 25 keV. 

(ii) Assembly 59 ( P . L Amundson) 

Analysis of the experiments with Assembly 59 has been 
completed. The resul ts of the perturbation t r averses for the Pu-239 annu­
lus are shown in Table I.A.8. 

Perturbat ion t r ave r ses with a Cf-252 source were made at 
two power levels, 8 and 50 W. The differences of the two resul ts for a given 
position gives the worth of the prompt neutrons at a certain power level to 
be inferred. All the resul ts were normalized to the count rate for a 
108.9-Ilg Pu-239 foil in a back-to-back fission chamber, placed 2 in. back 
from the assembly interface in position 2-P-16. The resul ts are shown in 
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Table 1 A 9. Foil-activation measurements should enable this count rate 
to be converted to a fission rate near a fuel plate at the center of the 
reactor. 

TABLE I.A.8. Pu-239 Perturbation Traverses 
for ZPR-3 Assembly 59^'^ 

Pos i t ion 

P 2 0 

P 1 9 
P 1 8 
P I 7 / 1 8 
P 1 7 
P I 6 / 1 7 
P 1 6 

P I 5 / 1 6 
P 1 5 
P 14/15 
P 1 4 
P I 3/14 
P 1 3 

P I 2 / 1 3 
P 1 2 

P l l / 1 2 
P l l 
P l O / l l 
P I O 

P 9 
P S ^ 
P 7 d 

Radia l 

2.054 
3.110 
4.168 
4.546 
4.964 
5.090 
5.225 
5.083 
4.963 
4.590 
4.203 
3.652 
3.110 
2.533 
1.996 
1.564 
1.139 
0.920 
0.669 
0.377 
0.239 
0.076 

Ih 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.016 
0.043 
0.016 
0.032 
0.019 
0.020 
0.014 
0.024 
0.020 
0.026 
0.030 
0.026 
0.015 
0.020 
0.031 
0.028 
0.035 
0.036 
0.028 
0.021 
0.026 
0.039 

P o s i t i o n (in 

-10 .06 
-9 .06 
-8 .06 
- 7 . 0 6 
- 6 . 0 6 
-5 .06 
-4 .06 
-3 .06 
-2 .06 
- 1 . 0 3 

0 

1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
7.00 
8.00 
9.00 

10.00 
11.00 
13.00 
15.00 
17.00 

/Vxial 

r 

1.646 
2.209 
2.709 
3.264 
3.687 
4 .094 
4.457 
4 .775 
5.020 
5.155 
5.193 
5.187 
5.058 
4 .834 
4 .504 
4 .074 
3.603 
3.196 
2 .635 
2.106 
1.572 
1.157 
0.764 
0.450 
0.184 

Ih 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.028 

0.019 
0.024 
0.032 
0.024 
0.026 
0 .021 
0 .025 
0 .021 
0.030 
0.014 
0.020 
0.030 
0.025 
0.058 
0.027 
0.021 
0.044 
0.028 
0 .025 
0 .023 
0.043 
0.028 
0.028 
0.036 

^Pu-239 O.OlO-m. annulus used. 
°Errors quoted are standard e r r o r s calculated from spread of 
perturbation results. 

^Positive numbers are into Half 1. Center is 1.03 in. into 
Half 1 from interface. 
Positions P8 and P7 were centered 0.25 in. in towards the core 
from the true cell center. 
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TABLE LA.9. Cf-262 Source Perturbation Traverses 
for ZPR-3 Assembly 59^'^''= 

Position 

P20/21 
P 2 0 
P 19/20 
P 1 9 
P18/19 
P 1 8 
P 1 7 
P 1 6 
P 1 5 
P 1 4 
P13/14 
P 1 3 
P12/13 
P 1 2 
P l l / 1 2 

Radial 

Ih 

4.937 ± 0.020 
5.950 ± 0.045 
6.656 + 0.040 
7.579 ± 0.034 
8.106 ± 0.023 
8.702 ± 0.019 
9.589 ± 0.056 
9.833 ± 0.014 
9.578 ± 0.035 
8.746 ± 0.034 
8.047 ± 0.023 
7.439 + 0.022 
6.649 ± 0.028 
5.865 ± 0.032 
4.928 ± 0.036 

Position (in. 

-10.06 
-9.06 
-8.06 
-7.06 
-6.06 
-5.06 
-4.06 
-2.06 

0 
+2.00 
+4.00 
+ 5.00 
+ 6.00 
+ 7.00 
+8.00 
+ 9.00 

+ 10.00 

Axial 

)d Ih 

5.112 + 0.026 
6.004 ± 0.023 
6.795 ± 0.026 
7.447 ± 0.035 
8.134 ± 0.036 
8.590 ± 0.024 
8.997 ± 0.029 
9.550 ± 0.027 
9.748 ± 0.022 
9.583 ± 0.026 
9.076 + 0.023 
8.678 ± 0.024 
8.158 ± 0.030 
7.533 ± 0.031 
6.865 ± 0.025 
6.128 ± 0.023 
5.250 + 0.027 

^AU resul ts at a power such that Pu-239 (94.4 wt % Pu-239, 
108.9 /ig) foil in back-to-back chamber, 2 in. from the reactor 
interface in 2-P-16 undergoes 632.1 f i ss ions /sec . 

^Source strength , 
for radial resul ts (Jan. 2, 1970) = 5.955 x 10̂  n / sec 
for axial resul ts (Jan. 7, 1970) = 5.933 x 10'' n / s e c . 

'^Errors quoted are standard e r r o r s calculated from spread of 
perturbation resu l t s . 

dPositive numbers are into Half 1. Center is 1.03 in. in 
Half 1 from interface. 

Central perturbation measurements were made with sam­
ples in two environments. The standard environment was the same as that 
used in Assembly 58 (see Fig. I.A. 19, p. 15, Monthly Report for Decem­
ber 1969, ANL-7655). A voided environment (see Fig. I.A.25) was also 
used. The resul ts for Assemblies 58 and 59 are given m Table I.A.lO, and 
the rat ios in Table I.A. 11. The design calculations indicated central per ­
turbation worths for both assemblies to be approximately 20% higher than 
the measured values for U-235 and Pu-239, and approximately 30% higher 
compared with the 0.1-in.-dia U-238 cylinder and the 0.06-in.-dia cylinder 
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Fig. I.A.25. Half-inch Voided Drawer 
for Central Perturbations 

of B - 1 0 . Th i s l a t t e r d i s c r e p a n c y 
wi l l be r e d u c e d when the e x p e r i ­
m e n t a l r e s u l t s a r e c o r r e c t e d to 
z e r o s a m p l e s i z e . The r a t i o s of 
p e r t u r b a t i o n s for U - 2 3 5 , P u - 2 3 9 , 
and B- 10 in the two s t a n d a r d en ­
v i r o n m e n t s a r e cons t an t , but 
h ighe r than t hose for the U - 2 3 8 
s a m p l e s . This s a m e d i f f e r e n c e , 
about 5% in the s a m e d i r e c t i o n , w a s 
o b s e r v e d for z e r o - s i z e s a m p l e s in 
the des ign c a l c u l a t i o n s . The d i f fe r ­
e n c e s b e t w e e n the two e n v i r o n m e n t s 
in A s s e m b l y 59. one s a m p l i n g a 

graphi te -modif ied s p e c t r u m , the o the r s a m p l i n g an a v e r a g e ce l l s p e c t r u m . 
show the dependence of the r e s u l t s on the e n v i r o n m e n t . 

TABLE I .A. lO. C e n t r a l P e r t u r b a t i o n R e s u l t s for 
Z P R - 3 A s s e m b l i e s 58 and 59 ( Ih /kg) 

Sample 
M a s s 

(g) 58 S t a n d a r d 59 S t a n d a r d 59 Void 

Pu-239 annulus 0.010 in, 

Pu-239 annulus 0,007 in. 

U-235 annulus 0,010 in, 

U-235 annulus 0,005 in. 

U-235 annulus 0.003 in, 

U-238 cyl . 0,42 in, dia 

U-238 cyl . 0.20 in. dia 

U-238 cyi. 0.10 m. dia 

B-10 cyl. 0.06 in. dia 

C cyl. 0,4 in. dia 

Pb cyl. 0.4 in. dia 

S S , cyl, 0,4 m. dia 

Ta annulus 0.005 in. 

Ta annulus 0.003 in. 

Ta annulus 0.002 in. 

4 .801 

2.761 

7.128 

3,638 

2,327 

85,76 

19.63 

4.908 

0.0988 

6.910 

51.36 

35.90 

3.300 

1.888 

1.317 

875.7 + 1.7 

862.0 ± 2.9 

566.4 ± 1.6 

552.4 ± 1.1 

554.0 + 3.4 

-54 .8 ± 0.1 

- 7 2 . 0 + 0.5 

- 8 8 . 3 ± 2.0 

-39710 + 110 

-
-
-
-
-
-

1100 

1076 

709.0 

691.0 

696.6 

- 6 1 . 3 

- 8 2 . 0 

- 1 0 4 . 1 

-49230 

333.4 

-
-
-

- 1 3 2 2 

-

+ 

+ 

+ 

+ 

+ 

+ 

1+
 

+ 

1+
 

+ 

+ 

3 

7 

2.8 

3.6 

4 .6 

0,2 

1.3 

2.9 

180 

3,2 

13 

1025 

1007 

665.0 

653 .1 

-
- 6 5 . 0 

- 8 5 . 4 

- 1 0 8 . 6 

- 4 8 7 1 0 

319.2 

6.9 

4.9 

- 1 2 0 5 

- 1 3 0 2 

- 1374 

+ 3 

+ 5 

+ 2.2 

± 5.5 

+ 0.2 

± 0.7 

+ 4 .3 

± 190 

± 1.9 

± 0.3 

± 0.6 

+ 5 

± 6 

+ 8 

Notes ; a) E r r o r s quoted a r e s t a n d a r d e r r o r s c a l c u l a t e d f r o m s p r e a d of inhour 
d e t e r m i n a t i o n s . Not inc luded a r e e r r o r s in s a m p l e m a s s e s . 

b) Ail s a m p l e s a r e 2 in. long. The annul i have o u t s i d e d i a m e t e r s of a p p r o x i ­
ma te ly 0,40 in. 

c) Sample c o m p o s i t i o n s - -

PU-239- -98 .78 wt % Pu; 95.05 wt % P u - 2 3 9 , 4 .50 wt % P u - 2 4 0 , 0 .45 wt % P u - 2 4 1 
U-235- -0 .010 in. annulus 93.20 wt % U - 2 3 5 , o t h e r s 93.10 wt % U - 2 3 5 
U - 2 3 8 - - 0 . 2 1 wt % U-235 

B - 1 0 - - 9 2 . 8 w t % boron , 9 2 . 1 w t % B-10 in b o r o n 
O t h e r s - - N o s ignif icant c o n t a m i n a n t s . 
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TABLE I.A. I I . Central Perturbat ion Ratios for ZPR-3 
Assemblies 58 and 59 

Assembly 59 Standard Assembly 59 Void 
Sample Assembly 58 Standard Assembly 59 Standard 

Pu-2 39 annulus 
0.010 in. 1.256+0.004 0.932 + 0.004 

Pu-239 annulus 
0.007 in. 1.248+0.010 0.936 + 0.009 

U-235 annulus 
0.010 in. 1.252+0.006 0 .938+0.005 

U-235 annulus 
0.005 in. 1.251+0.006 0.945 + 0.009 

U-235 annulus 
0.003 in. 1.257 ± 0.012 

U-238 cylinder 
0.42 in. diameter 1.118 + 0.004 1.060 + 0.004 

U-238 cylinder 
0.2 in. diameter 1.139+0.018 1.041+0.017 

U-238 cylinder 
0.1 in. diameter 1.180+0.044 1.043 + 0.049 

B- 10 cylinder 
0,06 m. diameter 1.240+0.005 0.989 + 0.005 

C cylinder 
0.4 m. diameter - 0 .957+0.012 

Ta annulus 
0.003 m. - 0.985 + 0.011 

The e r r o r s quoted are standard e r r o r s calculated from the spread 
of the perturbation measurements . In the comparison of the stand­
ard environments in the two assemblies, systematic e r r o r s of 1% 
from the autorod calibration in each assembly must be added. 

A ser ies of substitutions between reactor shutdowns were 
made in the front of the 1-P- 16 core drawer in Assembly 59. The changes 
in reactivity were determined using control rod 5. Reference loadings 
(with the plate arrangement in the core drawer to make the substitutions 
simple) were repeated before and after each experiment, and correct ions 
made for the average change in core tempera ture . The actual substitutions 
and the reactivity changes are listed in Table I.A. 12. For the last substitu­
tion experiment, the replacement of the 2-in. fuel plates by four l -m. fuel 
plates, the front 2 in. of each set of substituted core mater ia l was loaded 
into a 2-in. cubic box to prevent movement of the res t of the contents which 
were loaded in a standard 21-in. drawer . The result for this last substitu­
tion was obtained from three measurements with each configuration. 
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TABLE I.A 12. Central Substitution Exper imen t for Assembly 59 

Substitution 
(in l -P -16 ) 

Remove one 2 x 1 x l / 8 - i n . Pu plate 
and seven 2 x 1 x l / 8 - i n . C plates 
(i.e. front one inch of half a d rawer ) . 

Replace front 2 in. of cent ra l col­
umn of graphite by 2 x 2 x 1/8-in. 
B- 10 plate (i.e. midway between 
fuel plates) . 

Replace front 2 in. of centra l col­
umn of graphite by four 1 x 1 x 1/8 
in. U- 235 plates . 

Replace front 2 in. of centra l col­
umn of graphite by 2 x 2 x 1/8-in. 
Pu plate. 

Replace two front 2 x 2 x l / 8 - i n . 
Pu-239 plates by four 2 x 1 x l / 8 
in. Pu-239 plates (using boxes) . 

Changes in Mass 

(g) 

React iv i ty 
(Ih) 

Pu-239 
Pu-240 
Pu-241 
Al 
Steel 
N i 

C 

B- 10 
B-11 (+ 

+ 

Steel 
C 

U-235 
U-238 
C 

Pu-239 
Pu-240 
Pu-241 
Al 

Steel 
C 

Pu-239 
Pu-240 
Pu-241 
A l 
Steel 
C 

-30.64 
-1 .43 
-0 .08 
-0.37 
-9.37 

-1.2 
-40,406 

+ 3.1 
impur i t i e s ) 
0 . 5 

+ 33.3 
-13.1 

+ 133.77 
+ 9.67 
- 13.1 

+ 65.72 
+ 3.18 
+0.18 
+0.76 

+16.77 
- 13.1 

-9 .05 
-0.44 
-0 .01 
-0.07 
+ 1.54 
+0.08 

-46 .3 ± 2.0 

-144.7 + 2.0 

103.4 + 2.0 

77.7 ± 2.0 

- 10.0 + 0.2 

The temperature coefficient of reactivity for a single 6-in. 
natural UO^ sample was measured at the center of Assembly 59. The an­
nular sample had an inner radius 0.16 cm, outer radius 0.63 cm, and a 
mass of 137.2 g of UOj. The drawer through which the sample passed is 
shown in Fig. I.A.26. The total worth of the sample, at 22°C, was 

-9.34 + 0.09 Ih. The difference in the worth of the 
sample as a function of temperature is given in 
Table I.A.13. 

FRONT VIEW 

Fig. I.A.26 
Core Drawer for Doppler 
Sample for Assembly 59 
of ZPR-3 

(iii) ZPPR Assembly 2. Initial fuel loading 
has begun for ZPPR Assembly 2, the demonstration-
plant critical assembly. The initial loading was 20% 
of the predicted critical mass of 1205 kg Pu. The 
predicted critical volume is 2600 l i te rs , divided 
equally between two zones of core enrichment. Initial 
criticality is anticipated during the first half of 
March 1970. Examination of the proposed experimen­
tal program, with regard to duration and sequence of 
experiments, is in p rogress . 
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TABLE I.A.13. Reactivity Changes 
of Natural UOj Sample 

Temperature (°K) Reactivity Change (Ih) 

295 

500 

800 

1099 

Doppler Experiments 
(R. Kaiser) 

Last Reported: ANL-7655, 
pp. 17-18 (Dec 1969). 

-0.994 ± 0.014 

-1.980 ± 0.010 

-2.765 ± 0,007 

Note; E r r o r s quoted are standard e r r o r s 
calculated from the spread of the 
perturbation measurements only. 

The open-loop automatic 
control system for the ZPPR reac­
tivity Doppler experiment has been 
checked out. Specifications have 
been written for SEL 840A computer 
program to handle data recording 
and averaging on-line. The preset 

accumulator, which controls Doppler-rod oscillation, will also send signals 
to the computer to control the data-recording process . During the interval 
that the Doppler rod is in motion, the computer will be asked to average 
the data just recorded and print the results on the control-room teletype. 

A design modification package for axial Doppler drive capa­
bility has been sent out for bids. 

c. Mockup Critical Experiments ( W . P . Keeney and D. Meneghetti) 

Last Reported: ANL-7655, pp. 18-42 (Dec 1969). 

(i) Description of ZPR-3 Assembly 60. Assembly 60 is the 
first in the current ser ies of cri t icals in support of the EBR-II reactor 
p rogram. This assembly is a version of a homogenized 91-element 
EBR-n loading in which U-235 is substituted for the plutonium of the oxide 
elements . The U-235 concentration was further adjusted to produce a cr i t i ­
cal radius for the succeeding crit ical , which will contain a part ial radial 
reflector of nickel, close to that of EBR-II, without a change in the compo­
sition of the assembly core. The Assembly-60 core-radia l blanketbound-
ary is quasi-hexagonal with the radial blanket similar to that of EBR-11. 
The top and bottom axial reflectors are asymmetr ic , each consisting of 
two regions representing a sodium-rich gap and a s tee l - r ich reflector. 

The target compositions are listed in Table I.A.14. The 
detailed zone compositions, which will vary due to piece-size distributions 
and combinations of different lots of mater ia l as well as the control- and 
safety-rod nonfissile components, are now being calculated for the 
"as-built" assembly. Typical arrangements of the plates in each reactor 
zone are shown in Fig. I.A.27. 



TABLE I.A.14. T a r g e t Composi t ions for A s s e m b l y 60 
of Z P R - 3 , on EBR-I I Cr i t i c a l Mockup 

N { a t o m s / b - c m ) Isotope N ( a t o m s / b - c m ) 

Zone* 

Rl 
R2 
R3 
R4 
R7 

U-235 0.005595 
U-238 0.004565 
Na 0.01018 

Blanket , Gaps 

Descr ip t ion 

Upper Gap 
Top Axial Reflector 
Lower Gap 
Bottom Axial Ref lector 
Radial Blanket 

and R 

SS 

25,5 
45,1 
37,7 
52,5 
15,8 

O 
SS 

0,002134 
2 1,2 vol % 

e f lec to r s 

T a rge t Compos i t ion (vo 
(Densi t ies at 22°C) 

U-238 Na 

62,6 

42.2 
48,1 
36.4 

58.0 18,2 

%) 

Void 

11.9 

12.7 
14.2 
U . l 
8,0 

: number s co r re spond to F ig . I.A,Z9. 

fl o) o f to m | I 

=1 => => Zl 

Z i n Z u i Z z u i r i / i z 

BOTTOM GAP 

BOTTOM REFLECTOR 

z w I S z SS z 

TOP REFLECTOR RADIAL BLANKET 

Fig. I.A.27. Plate Arrangement of Typical Zones 
in Assembly 60 of ZPR-3 
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BOTH HAtVES II 

C-CONTROL ROD S'SAFETY 

DENTICAL 

ROD T=SOURCE TUBE 

( i i ) C r i t i c a l L o a d i n g . T h e 

c r i t i c a l l o a d i n g ( s e e F i g . I . A . 2 8 ) 

c o n t a i n e d 2 2 1 . 9 3 k g of U - 2 3 5 a n d 

w a s c r i t i c a l w i t h t h e c o n t r o l r o d 

i n 1 - T - 1 6 w i t h d r a w n 6 . 3 1 i n . T h e 

e x c e s s r e a c t i v i t y of t h i s l o a d i n g 

w i l l b e r e p o r t e d u p o n c o m p l e t i o n 

of t h e a n a l y s i s of t h e k i n e t i c 

c a l i b r a t i o n d a t a of t h e c o n t r o l r o d . 

T h e t o t a l w o r t h of t h e e i g h t s a f e t y 

r o d s w a s d e t e r m i n e d t o b e 

- 2 . 1 % A k / k . F i g u r e I . A . 2 9 s h o w s 

a h o r i z o n t a l s e c t i o n of t h e a s ­

s e m b l y . T h e z o n e t h i c k n e s s e s 

a r e a c r o s s t h e f l a t s a n d a r e n o t 

c y l i n d r i c a l e q u i v a l e n t s . S p r i n g -

g a p p o s i t i o n s a r e n o t s h o w n a s 

t h e y w i l l b e i n c l u d e d i n t h e d e ­

t a i l e d c o m p o s i t i o n d e s c r i p t i o n s 

of z o n e s a n d s u b z o n e s . 

Fig. I.A.28. Refeience Cote Loading fot 
Assembly 60 of ZPR-3 ( i i i ) E x p e r i m e n t a l P r o g r a m . 

E d g e s u b s t i t u t i o n s of r a d i a l b l a n ­

k e t f o r c o r e c o m p o s i t i o n s w e r e m a d e a t m a t r i x p o s i t i o n s 1- a n d 2 - U - 14 

a n d a t 1 - 2 - U - 1 8 . T h e w o r t h s w i l l b e a v a i l a b l e a f t e r a n a l y s i s of t h e c o n t r o l -

r o d d a t a . 

-BTt " 

NOTE' ALL DIMENSIONS IN INCHES. 
SEE TEXT FOR EXPLANATION 
OF DIMENSIONS 

Fig. I.A.29 61.06 
I 

REACTOR 
MIDPLANE , - . r 

(006GAP) Horizontal Section ot 
Assembly 60 of ZPR-3 

C e n t r a l r a d i a l t r a v e r s e s f o r r e a c t i o n r a t e w i t h U - 2 3 5 a n d 

U - 2 3 8 c o u n t e r s a n d a x i a l t r a v e r s e s i n t h e P - l 6 a n d P - 1 1 n n a t r i x p o s i t i o n s 

w i t h U - 2 3 5 , U - 2 3 8 , a n d B - 1 0 c o u n t e r s h a v e b e e n c o m p l e t e d , a s w e l l a s a 

s c o p i n g i r r a d i a t i o n f o r f u t u r e n e u t r o n a c t i v a t i o n i r r a d i a t i o n s . 
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B. Component Development--LMFBR 

1. Instrumentation and Control 

a. Instrumentation Development for Instrumented Subassembly 

(i) Instrumented-subassembly Flowmeters (G. A. For s t e r ) 

Last Reported: ANL-7655, p. 43 (Dec 1969). 

(a) Procurement of Mark-Ill (Sodium-calibratable) 
Flowmeters. Both contractors a re having difficulty in 

obtaining Type 304 stainless steel with the specified 0.06% minimum carbon 
content. Several years ago, when our specifications were developed. 
Type 304 stainless steel containing 0.06 to 0.08% carbon was a stock item. 
Also, experience then indicated that fewer rejected welds were produced 
in material of higher carbon content. 

Better welding techniques a re now available. Also, 
metallurgical processes have improved to the extent that most Type 304 
stainless steels contain carbon in the range 0.048-0.06%. Therefore, we 
have lowered our carbon requirement to 0.045% minimum; below this value 
the strength of Type 304 stainless steel drops rapidly at temperatures 
above I000''F. 

(b) Calibration of Mark-Ill Flowmeters . The Mark-Ill 
flowmeter (Serial 010), constructed at ANL, has been successfully calibrated 
in the Flowmeter Calibration Loop. Consistent with the original test plan, 
calibration runs were first made at temperatures of 600, 700, and 800°F; 
then the flowmeter was cooled to below 400°F, followed by repeat runs at 
600 and 800°F. Data from the initial run and the repeat runs matched with­
in experimental e r ror , indicating that the flowmeter had been adequately 
stabilized for use up to 800°F. After removal from the loop, the internal 
magnetic flux in the flowmeter read the same (710 gauss) as before the cal­
ibration runs, again indicating stabilization. 

In the coming weeks, magnetic-tape and s t r ip -char t 
recordings of data will be analyzed to determine the calibration constants 
for this flowmeter. A Quality Assurance Report covering the ma te r i a l s , 
tabrication, and assembly of this flowmeter has been completed except for 
the calibration data. 

(ii) Fuel-Pin Thermocouples (A. E. Knox) 

Last Reported: ANL-7595, pp. 27-28 (July 1969). 

(^) In-pile Tests in EBR-II Instrumented Subassembly. 
Five of the seven fuel-pin thermocouples in the Test II (XXOl) EBR-II 
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Instrumented Subassembly are functioning normally. Thermocouple No. 3 
(FCTC 3) has an er ra t ic output, and thermocouple No. 1 (FCTC 1) has no 
output. Examination of FCTC 3 with a time-domain reflectometer ( T D R ) 
revealed an opening in the thermoelements above the thoria-insulated 
region. FCTC 1 is currently being examined with a TDR in Idaho. Results 
of these tes ts and TDR calibrations being performed in Illinois should 
enable a more exact determination of the failure locations. 

(iii) Instrumented-subassembly Coolant Thermocouples 
( A . E . Knox) 

Last Reported: ANL-7618, p. 18 (Sept 1969). 

(a) Tests of Prototype Coolant and Spacer-wire 
Thermocouples. Coolant thermocouples are being 

tested to determine the adequacy of purchase specifications, quality-
assurance procedures , and new thermocouple designs. 

Eight sheathed Chromel/Alumel thermocouples 
(two spacer -wi re , three outlet, one structural capsule, and two inlet 
thermocouples) and one sheathed fuel-pm thermocouple lead wire pair 
(tested as a thermocouple) have been successfully tested out-of-pile. These 
thermocouples were selected from the lot purchased for instrumented sub­
assemblies and represent each type of stainless steel-sheathed thermocouple 
and lead wire in the Test II (XXOl) Instrumented Subassembly for EBR-II. 
They were constructed by commercial sources to meet ANL specifications 
and quali ty-assurance requirements . The nine sensors were insulated with 
high-purity, high-density crushed alumina and sheathed with Type 304 
stainless steel . The Chromel/Alumel thern^ocouples were made with the 
highest-accuracy thermoelement material available. The thermoelements 
in the fuel-pin thermocouple lead wires were Type 308L stainless steel 
and Alumel. 

The sensors were thermally cycled between two simu­
lated EBR-II temperature distributions, with maximum temperatures of 
700 and 900°F. Temperature changes were not rapid, with an excursion 
between the two temperature distributions taking about one hour. For ty-
eight temperature excursions were effected in a period of three months. 
During this period, the measured loop res is tance , insulation res i s tance , 
and voltage output of each thermocouple remained constant. 

This out-of-pile test revealed no gross defect in the 
stainless s teel-clad thermocouples, it also demonstrated the reliability of 
a relatively new thermocouple construction, i.e., a dual diameter (0.062-in.-
OD to 0.040-m.-OD) thermocouple that is spiraled and replaces a 0.040-in.-
OD EBR-II fuel-pin spacer wire . 
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b. FFTF Instrumentation (R. A. Jaross) 

(i) In-Core Flowsensor (T. P . Mulcahey) 

Last Reported: ANL-7661, p. 23 (Jan 1970). 

(a) Permanent Magnet Probe-type Flowsensor (F. Verber) 

The specification for commercial procurement of a Type-A 
flowsensor was reviewed and approved with minor revisions, during a joint 
R D T / P N L / W / A N L meeting at ANL. After the revisions are made, the p ro­
curement package will be forwarded to prospective suppliers for quotations. 

In the meantime, tests of prototype Flowsensor A-4 in 
the CAMEL Loop at sodium temperatures and velocities of interest are 
being continued. Figure I.B.I records the sensor operation at 1000°F. 
Comparison of output signals with those previously recorded at 1000°F r e ­
veals very good reproducibility for all sodium velocities; for example, the 

Loop flowmeter ' 1 

[Calc. sensit =0.01485 mV/gpm J 

(l.eiXinV)^ ft/sec thru onnulus] 

I 0 I 

Output Signal, mV 

Fig. I.B.I. Test of Permanent-magnet Flowsensor A-4 at lOOOOp in 
the 4-in. Schedule-10 Pipe TestSectionof the CAMEL 
Loop, The magnet was temperature-stabilized at 
1300OF for operation at 1200°F. 
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T "Y\ 
\ \ -Temperature decreasing 

\ V 
Tsmperoture -
increasing 

2/c. AWG 24 Chromei-
Aiumei. aiumino-insuiated 
cobie with 1/8-in. 00 
SS304 Sheath 

4/c. AWG 24 SS304, eiumino 
insuiated cobie with i/8-in 
OD SS304 Sheath 

600 aoo 
TempBfoture,°F 

Fig. I.B.2. Effect of Temperature on Insulation Resist­
ance of 1-ft-long Samples of Alumina-
insulated, Type 304 StainlessSteel-sheathed 
Chromel-Alumel and Type 304 Stainless 
Steel Cables in an Air Environment 

d i f f e rence be tween s i g n a l outputs 
a t 1.13 f t / s e c is 0.07 m V . Thus 
f a r , F l o w s e n s o r A - 4 has been at 
a t e m p e r a t u r e of 1000°F, or h i g h e r , 
for a to ta l of 700 h r , wi th no f o r c e d 
flow dur ing off -work h o u r s . 

M e a s u r e m e n t s of in ­
su la t ion r e s i s t a n c e v e r s u s t e m ­
p e r a t u r e in an a i r e n v i r o n m e n t 
w e r e m a d e wi th s a m p l e s of two, 
Type 304 s t a i n l e s s s t e e l - s h e a t h e d , 
A l u m i n a - i n s u l a t e d c a b l e s , Al though 
l i m i t e d by the 1 0 0 0 - m e g o h m 
M e g g e r u s e d , the r e s u l t s ( see 
F i g . I .B,2) i l l u s t r a t e the i n c r e a s e 
in insu la t ion r e s i s t a n c e a c h i e v e d 
by expel l ing w a t e r vapor f r o m 
the c a b l e s . 

(b) E d d y - c u r r e n t P r o b e -
Type F l o w s e n s o r s 
( j . B r e w e r ) 

S tabi l i ty t e s t s of P r o b e 
No. 9 cont inue in the C A M E L . S t a b i l ­

ity t e s t s have been c o m p l e t e d in an oven wi th P r o b e N o s . 3 X - 3 , 2X-4 , and 2 X - 6 . 
H i g h - t e m p e r a t u r e (up to 1400°F) oven t e s t s w e r e p e r f o r m e d wi th P r o b e No. 3 X - 9 . 

R e c e n t l y , the s o d i u m t e m p e r a t u r e in the C A M E L h a s 
been he ld a t 1000°F for 24 h r / d a y and 7 d a y s / w e e k . The pump was o p e r a t e d 
7 h r / d a y and 5 d a y s / w e e k , wi th a ve loc i ty of 6.44 f t / s e c in the annulus about 
P r o b e No. 9. Thus 576 h r of cont inuous ope ra t i on at 1000°F and 126 hr of 
flow t i m e have been a c c u m m u l a t e d . Dur ing th i s t i m e , t h e r e h a s been no 
m e a s u r a b l e devia t ion in ba l ance or flow s e n s i t i v i t y of P r o b e No. 9. 

F i v e oven t e s t s each w e r e p e r f o r m e d with P r o b e s 3 X - 3 , 
2 X - 4 , and 2X-5 to aid in d e t e r m i n i n g the o p t i m u m w i r e s i ze for d e s i r e d 
s t a b i l i t y . P r o b e s 3X-3 and 2X-5 had h e a t - t r e a t e d and p ick led bobbins to 
e l i m i n a t e m a g n e t i c e f fec t s . P r o b e 2X-4 did not have th i s t r e a t m e n t ; t h e r e ­
f o r e , in the s t ab i l i t y c o m p a r i s o n , only da ta be tween 400 and 700°F w e r e 
u s e d . A l s o , t e s t No. 1 for e a c h p r o b e was c o n s i d e r e d a cu r ing c y c l e , and 
only da ta f r o m t e s t s N o s . 2, 3 , 4 , and 5 w e r e u sed . T e s t No. 2 of P r o b e 2X-4 
w a s not u s e d b e c a u s e the da ta w e r e q u e s t i o n a b l e . 

The qual i ty fac tor for each p robe is d e t e r m i n e d by 

Ins t ab i l i t y in mV ( r m s ) ^ 1 00 
Qf Sens i t iv i ty in mV ( r m s ) / f t - s e c 
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Instability is defined as the maximum unbalance signal deviation in any test 
in the series of tests considered. Sensitivity is determined from osciUating-
rig tests; however, sensitivity of Probe 2X-4 was corrected for 400°F since 
there is a slight magnetic effect from untreated Inconel-600 below that tem­
perature. Similar tests of Probes X-3, X-4, and X-5 were reported in 
ANL-7661. The important difference between the two sets of probes is that 
X-3 and X-4 were dry-wound with fiberglass-insulated copper wire , X-5 
was dry-wound with heavy Formvar copper wire , and 3X-3, 2X-4, and 
2X-5 were wet-wound with heavy Formvar copper wire using Ceramabond 
503 ceramic cement. 

The quality factors for both sets of probes were 

P r o b e 

3X-3 
2X-4 

Wet-woun 

A W G 

Wire 
Size 

26 
24 

:d 

Qf 

13.9% 
19 . 2 % 

P r o b e 

X-
X-

-3 
• 4 

D i •y-woun 

A W G 

Wire 
Size 

30 

26 

d 

Qf 

13.0% 
22,8% 

2X-5 20 22.7% X-5 20 51.3% 

Data f rom one t e s t wi th 3X-3 looked s l igh t ly q u e s t i o n ­
able ; had it not been used the Qf would have been 8.7%. In g e n e r a l , the 
r e su l t s indicate a t r end toward m o r e w i r e t u r n s for a given a r e a for be t t e r 
s tabi l i ty . 

The new p r o b e , 3 X - 9 , h a s an I n c o n e l - 6 2 5 bobbin and 
was wet-wound with 15 -mi l , c e r a m i c - c o a t e d , n i c k e l - c l a d s i l v e r w i r e . 
After the probe was hea ted to 1100°F and then cooled , t h e r e w a s a c o n s i d ­
erable i n c r e a s e in magne t i c effect at low t e m p e r a t u r e . The r e a s o n for the 
i n c r e a s e is not known at this t i m e , but the n i c k e l c lad is s u s p e c t e d . This 
phenomenon wil l be p u r s u e d f u r t h e r . 

It is p lanned to i nves t i ga t e I n c o n e l - 6 0 0 fu r the r s i n c e 
this m a t e r i a l will be used with g o l d - w i r e coi ls in the nex t p r o b e to be t e s t e d 
in the CAMEL or CCTL, 

(ii) Gas Di sengagemen t for F a i l e d - f u e l M o n i t o r i n g (E, S, Sowa) 

(^) Tes t s of Gas D i s e n g a g e m e n t 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp , 23-24 (Jan 1970). 

Two addi t iona l t e s t s w e r e m a d e wi th the F a i l e d -
Element Detection and Locat ion (FEDAL) modu le a t 1 I00°F , s o d i u m flow at 
2 f t / s ec in the v e r t i c a l sec t ion , and c i r c u l a t i n g a r g o n gas flow at 1 f t V m i n , 
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In both t es t s , normal operation of the cascade still resulted in entrapment 
of the fission-gas activity as observed in tests at lower tempera tures . 

In the first test , there was an initial r i se in the activity 
level to -27,600 cpm that held steady for 4 min. When the sodium flow was 
reduced to zero, the activity increased slowly and linearly to -36,000 cpm. 
Subsequent r e s t a r t of the pump produced a peak at -168,000 cpm, which 
eventually leveled off at 66,000 cpm. 

No initial peak was observed in the second test . In­
stead, a slight r i se in activity to 1800 cpm occurred after 3 min. When the 
pump was turned off, the activity increased linearly to 60,000 cpm after 
7 min. Only a slight peak was observed after pump res t a r t . 

Three comparison tests at 500, 800, and 1100°F, 
respectively, were also performed with the module operating at the flood 
level, i ,e, , the cascade totally submerged. The results were identical: only 
one peak occurred 48 sec after injection of the krypton-85 gas; there was 
quantitative recovery of the gas, and no second peak after stop and r e s t a r t 
of sodium flow. 

These results indicate that gas-bubble separation 
occurs pr imari ly at the surface of the sodium pool and that a gas-trappmg 
action occurs with the cascade operating in a normal manner. There was 
no separation of the krypton gas in the surge tank, which confirms that gas 
solubility or carryover is not present . 

c. EBR-U In-Core Instrument Test Facility (E. Hutter) 

(i) Design, Development, and Fabrication of the Facility 
(O. S. Seim, R. H. Olp, and T. Sullivan) 

Not previously reported. 

(a) Mockup Testing. A mockup-testing program has been 
initiated to provide full-scale design information for the final design of the 
facility. The mockup area is located in Building D-331 (EBWR reactor 
building), which is equipped with the necessary overhead crane space to 
handle the 35-ft-long INGOT assembl ies . A full-scale mockup of portions 
of the EBR-II small rotating plug has been installed in the access opening 
of the lower-level walkway area of the building. This mockup will include 
the following full-scale dimensional projections of the major pieces of 
equipment and overhead s t ructures now on the EBR-II rotating plug: 
reactor cover-lifting s t ructure , festoon-cable takeup ree l , control-rod 
drive assembl ies , and the associated center support columin including the 
lifting platform. 
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The f i r s t i t e m s schedu led for t e s t i ng in the m o c k u p 
a r e fu l l - sca le m o d e l s of the s t r a i g h t handl ing c o n t a i n e r , the offset hand l ing 
con ta ine r , and the a s s e m b l y of the t e r m i n a l box and s u p p o r t s t a t i o n . As 
pa r t of the INGOT q u a l i t y - a s s u r a n c e p r o g r a m , the t e s t i n g p r o g r a m wi l l 
include opera t ing t e s t s of the mockup of the final INGOT e q u i p m e n t . 

2. Fuel Handl ing, V e s s e l s , and I n t e r n a l s 

a. Core Component T e s t Loop (CCTL) (R. A. J a r o s s ) 

L a s t R e p o r t e d : A N L - 7 6 6 1 , p . 25 (Jan 1970). 

(i) Loop Modif icat ions to A c c o m m o d a t e Second F F T F 
S u b a s s e m b l y 

(a) P u m p - b y p a s s P i p i n g . The i n su l a t i on , e l e c t r i c a l h e a t e r , 
and l eak -de t ec to r c i r cu i t have been r e m o v e d p r e p a r a t o r y to r e p l a c e m e n t of 
the 2-in. Powel l valve used to t h r o t t l e b y p a s s flow t h r o u g h the h y d r a u l i c 
bear ing of the pump. The va lve was i n s t a l l e d in the C C T L befo re c o m p l e ­
tion of qualification t e s t s of th is des ign at t yp i ca l o p e r a t i n g c o n d i t i o n s ; it 
was a s s u m e d that b e c a u s e of the low p r e s s u r e a t the p u m p - b e a r i n g b y p a s s , 
the t es t s would be succes s fu l . 

In the qual i f icat ion t e s t s , a 2- in . P o w e l l va lve w a s 
filled with sod ium f rom a loop of known c o n c e n t r a t i o n of s o d i u m ox ide , and 
opera ted at 10 psig and 1000°F. The valve i n c u r r e d a be l lows f a i l u r e af ter 
45 cyc les . In view of the r e l a t i v e l y few c y c l e s to f a i l u r e , the P o w e l l va lve 
was adjudged unacceptab le for s e r v i c e in the C C T L . 

C r i t e r i a for a c c e p t a n c e of the p u m p - b e a r i n g - b y p a s s 
valve was e s t ab l i shed as fol lows: 

No. of P r e s s u r e T e m p e r a t u r e 
Cycles (psig) (°F) 

300 10 1000 
500 10 1160 
200 50 1160 

The P o w e l l va lve is being r e p l a c e d by a R o b e r t s h a w -
Fulton valve . The l a t t e r h a s succes s fu l ly c o m p l e t e d the above a c c e p t a n c e 
t e s t . 

(t>) Plugging Loop. Al l m e c h a n i c a l , qua l i ty a s s u r a n c e , and 
e l ec t r i ca l work a s s o c i a t e d with th is modi f i ca t ion is c o m p l e t e d . A 500°F 
ambien t - sys t em-qua l i f i c a t i on t e s t to p rov ide for s o d i u m p r e h e a t i n g of th i s 
facility is comple ted . 



47 

(c) V a c u u m - D i s t i l l a t i o n - S o d i u m S a m p l e r and M a t e r i a l s -
S u r v e i l l a n c e F a c i l i t y , D r a w i n g s for a l l c o m p o n e n t s e x t e r n a l to the C C T L 
t e s t v e s s e l have been c o m p l e t e d , r e v i e w e d , and p r o c u r e m e n t s t a r t e d . C o m ­
ple t ion of th i s faci l i ty is not r e q u i r e d for loop o p e r a t i o n , 

(d) Cold T r a p , After r e m o v a l of the i n s u l a t i o n , the cold 
t r a p w a s v i s u a l l y i n s p e c t e d for e l e c t r i c a l and m e c h a n i c a l i n t e g r i t y of the 
h e a t e r and t h e r m o c o u p l e . T r a c e r e s i s t a n c e h e a t e r s for the N a K - j a c k e t 
e c o n o m i z e r w e r e found s u s p e c t and w e r e r e p l a c e d . A l s o , s even t h e r m o ­
coup le s in the NaK h e a t - r e j e c t i o n s y s t e m ev idenced faulty i n s u l a t i o n ; they 
w e r e r e p l a c e d by s t a i n l e s s s t e e l - j a c k e t e d t h e r m o c o u p l e s . 

C. Sod ium Techno logy 

1. P u r i f i c a t i o n of Sod ium 

a. Iden t i f ica t ion and R e m o v a l of P a r t i c u l a t e M a t t e r in Sod ium 
(J . E. Dra l ey ) 

L a s t R e p o r t e d : A N L - 7 6 4 0 , p . 34 (Nov 1969). 

To he lp e s t a b l i s h c r i t e r i a for the c o n t r o l of p a r t i c u l a t e m a t t e r 
in L M F B R coolan t s o d i u m , it is p lanned to d e t e r m i n e the c o n c e n t r a t i o n and 
c o m p o s i t i o n of the p a r t i c l e s in E B R - I I p r i m a r y and s e c o n d a r y c o o l a n t s . 
Be fo re co l l ec t ing p a r t i c l e s f r o m the E B R - I I , h o w e v e r , su i t ab l e m e t h o d s and 
p r o c e d u r e s m u s t be deve loped . Fo r th is p u r p o s e , f i l t r a t ion e x p e r i m e n t s a r e 
being p e r f o r m e d wi th the M e c h a n i c a l P r o p e r t i e s and C o r r o s i o n Loop , and 
the f i r s t of t h e s e has been c o m p l e t e d . 

The loop is c o n s t r u c t e d of Type J47 s t a i n l e s s s t e e l , h a s a 
s o d i u m c a p a c i t y of - 2 0 ga l , and was o p e r a t e d in the t e m p e r a t u r e r a n g e f r o m 
565 to 371°C, wi th a b y p a s s cold t r a p a t 130°C. The loop had a l r e a d y been 
runn ing for 3 d a y s , conta in ing a v a r i e t y of new, s t a i n l e s s s t e e l s p e c i m e n s 
for o the r t e s t s , when the p a r t i c l e f i l ter was i n s t a l l e d on the b y p a s s , a h e a d 
of the cold t r a p . The f i l te r c o n s i s t e d of a 0 .25 - in . l a y e r of coba l t powder 
(nomina l ly 3-4 / im) on a s t a i n l e s s s t e e l f i l ter d i sk (5-fjm p o r o s i t y ) . The 
t e m p e r a t u r e of the s o d i u m p a s s i n g th rough the f i l t e r on i t s way to the cold 
t r a p was about 350°G. 

The p r e s s u r e d r o p t h r o u g h the f i l te r was we l l wi th in the p u m p ­
ing capab i l i t y of a s m a l l e l e c t r o m a g n e t i c p u m p tha t c i r c u l a t e d the s o d i u m 
t h r o u g h the c o l d - t r a p s i d e s t r e a m . Dur ing the 27 hr of the f i l t r a t ion e x p e r i ­
m e n t , a r e d u c t i o n in f l owra t e t h r o u g h the f i l te r of about 54% o c c u r r e d , wi th 
c o n s t a n t p u m p p o w e r . A to t a l s o d i u m flow of 243 ga l t h r o u g h the f i l t e r w a s 
c a l c u l a t e d by i n t e g r a t i n g the c u r v e of flow r a t e v e r s u s t i m e . 

The p a r t i c l e s c o l l e c t e d by the f i l te r have not been iden t i f i ed 
y e t . T r e a t m e n t of the coba l t powder wi th w a t e r r e v e a l e d the p r e s e n c e of a 
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second p h a s e , appa ren t l y m a g n e t i c , which was d a r k e r and s e t t l e d m o r e 
slowly f rom the aqueous s u s p e n s i o n than the bulk of the c o b a l t . S p e c t r o ­
scopic and X - r a y a n a l y s i s of th is m a t e r i a l is p lanned , 

2, On- l ine Moni to r s 

a. Evalua t ion and I m p r o v e m e n t of the C a r b o n - a c t i v i t y M e t e r 
(J, T, H o l m e s , C. L u n e r , and N. Chel lew) 

Las t R e p o r t e d : A N L - 7 6 4 0 , pp. 35-36 (Nov 1969). 

Included in our p r o g r a m on deve lopmen t of o n - l i n e m o n i t o r s for 
sodium i m p u r i t i e s is the eva lua t ion and i m p r o v e m e n t of a c a r b o n m e t e r 
developed by the United N u c l e a r C o r p o r a t i o n (UNC).* Th i s m e t e r m e a s u r e s 
carbon diffusion (or ca rbon flux) th rough an i ron m e m b r a n e e x p o s e d to 
sodium at 1200 to 1400°F. The ca rbon r e a c h i n g the r e v e r s e s ide of the m e m ­
brane is r e a c t e d with a flowing, m o i s t , h y d r o g e n - a r g o n m i x t u r e to f o r m CO, 
the CO is ca ta ly t ica l ly conve r t ed to CH4, and the CH4 c o n c e n t r a t i o n in the gas 
s t r e a m is continually m e a s u r e d by a f l a m e - i o n i z a t i o n d e t e c t o r . The o n - l i n e 
carbon m e t e r inc ludes a p r e h e a t s ec t ion to b r ing the s o d i u m to the d e s i r e d 
t e m p e r a t u r e before it flows pas t the diffusion m e m b r a n e . 

The u l t ima te goal of this work is a r e l i a b l e on - l i ne c a r b o n m e t e r 
that will indicate whe the r or not d e t r i m e n t a l c a r b u r i z a t i o n or d e c a r b u r i z a ­
tion is taking place in the L M F B R . The m o r e i m m e d i a t e ob j ec t i ve s a r e 
(1) an unders tanding of the ba s i c r e l a t i o n s h i p of the c a r b o n - m e t e r r e s p o n s e 
to va r ious carbon s p e c i e s , (2) a p roof t e s t of the c u r r e n t UNC c a r b o n m e t e r 
in flowing sod ium, and (3) i m p r o v e m e n t of the c u r r e n t d i f fus ion- type c a r b o n 
m e t e r and ins ta l la t ion of the i m p r o v e d m o d e l in the E B R - H p r i m a r y s o d i u m 
sys t em. 

To r e a l i z e the f i r s t ob jec t ive , the r e s p o n s e of the UNC c a r b o n 
m e t e r to the addition of v a r i o u s m e t e r i a l s which behave as s o u r c e s or s inks 
for carbon is being inves t iga ted . In t h e s e e x p e r i m e n t s , the diffusion p r o b e 
is i m m e r s e d in sodium conta ined in a copper v e s s e l and s t i r r e d wi th a 
copper ag i t a to r . An a l l - c o p p e r s y s t e m (except for the p r o b e ) is u s e d b e ­
cause copper is i ne r t to ca rbon and thus does not a l t e r the c a r b o n c o n c e n ­
t ra t ion in the sod ium. 

E x p e r i m e n t s r e p o r t e d p r e v i o u s l y in A N L - 7 6 4 0 showed tha t 
addition of a f e r r i t i c s t ee l or s m a l l a m o u n t s (-1 p p m C) of s o d i u m c a r b i d e 
substant ia l ly i n c r e a s e d the ca rbon flux th rough the p r o b e , and tha t the i n ­
ser t ion of a Type 304 s t a i n l e s s s t e e l r od m a r k e d l y d e c r e a s e d the c a r b o n 
flux. F r o m this behav io r , it can be i n f e r r e d tha t the h i g h - t e m p e r a t u r e UNC 
side loop, which is f ab r i ca ted f r o m s t a i n l e s s s t e e l , m a y ac t as a g e t t e r 

* 
Mckee, J. M., Caplinger, W. H,. and Kolodney, M,, Nucl, Appl._5, 236 (1968). 
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for carbon and lower the carbon concentration at the carbon-sensing probe. 
Consequently, an inert liner for the side loop was sought. The response of 
the probe on inserting various mater ia ls into s t i r red sodium was tested. 
Molybdenum and a molybdenum-30 wt % tungsten alloy caused no noticeable 
change in the carbon flux, whereas a nickel rod increased the flux. Accord­
ingly, molybdenum was selected for further testing as the liner mater ia l 
for the high-temperature sections in the meter . Copper, although inert to 
carbon, is not considered a potential liner mater ia l because of its high 
solubility in sodium. 

As part of the experimental program to prooftest the UNC carbon 
meter in flowing sodium, a small , pumped-sodium apparatus (the Test and 
Evaluation Apparatus, TEA) has been built and the UNC carbon meter in­
stalled. TEA was recently started up, and experiments with the carbon 
meter have begun. Tests of the response of the UNC carbon meter , with 
its Type 304 stainless steel side loop, to the addition of small quantities of 
NasC^ and NaCN are planned. The modified meter having a molybdenum 
liner in the high-temperature sections will be installed in parallel with the 
UNC meter at a later date for direct comparison. 

3. Sampling 

a. Sampling of Radioactive Sodium (W. E. Miller and P . Vilinskas) 

Last Reported: ANL-7640, p. 36 (Nov 1969). 

The presence of radioactive ^^Na and "Na in reactor sodium 
complicates its sampling and analysis. In the analyses for oxygen and 
t race meta ls , the radioactive sodium can be separated by evaporation in 
an on-line distillation sampler . The purpose of this work is to develop 
improved on-line distillation samplers and to extend this method to in situ 
analysis of the residue and to analysis of fission products more volatile 
than sodium. 

The use of a liquid-sodium jet eductor to create the vacuum 
required for distillation is being investigated. Such a device may simplify 
the design and operation of distillation samplers , since the jet provides 
means of disposing of the radioactive sodium distillate by returning it to 
the reactor system. In addition, this method of drawing a vacuum can also 
be useful in analyzing for fission products more volatile than sodium, such 
as cesium and rubidium. Available data indicate a high relat ive volatility 
for these metals in dilute sodium solution; e.g., at 440°C, cesium is about 
150 times more volatile than sodium. Thus, continuous on-line distillation 
to separate cesium isotopes from the "Na activity may be possible. 

To accomplish this separation, sodium could be drawn through 
an orifice into a flash chamber. If the flash chamber is operated at I Torr 
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p r e s s u r e and the en te r ing s o d i u m is at 550°C, only ~2% of the s o d i u m flow 
would be vapor ized in a c o n s t a n t - e n t h a l p y p r o c e s s wh i l e the bulk of the 
c e s i u m is being v a p o r i z e d . The vapor could then be fed to a r e c t i f i c a t i o n 
device ope ra t ed under a l m o s t to ta l r e f lux . The c e s i u m - r i c h v ap o r f r o m 
the top of the r ec t i f i ca t ion device would be con t inuous ly a n a l y z e d by a 
g a m m a counter and r e t u r n e d to the s y s t e m th rough a j e t e d u c t o r . The 
liquid f rom this s e p a r a t i o n s p r o c e s s would be r e t u r n e d to the s y s t e m 
through the s a m e je t educ to r . Ca lcu la t ions show tha t the e n r i c h m e n t f a c ­
tor for c e s ium, e x p r e s s e d as 

Cs ac t iv i ty \ / / Cs ac t iv i ty 
^^Na ac t iv i ty jgxi f g a s / \ " N a ac t iv i tyy in l e t l iquid 

is approx imate ly 10^ for p a r t i a l evapora t ion foUowed by about two t h e o r e t ­
ical s t ages of r ec t i f i ca t ion . The dynamic flow c h a r a c t e r i s t i c s of such a 
s y s t e m a r e being s tudied in a mockup using w a t e r i n s t e a d of s o d i u m . 

4. F i s s ion P roduc t Behavior and Con t ro l 

a. D a t a - a n a l y s i s Methods for D e t e r m i n i n g F u e l F a i l u r e s 
(W. E. Mi l l e r ) 

L a s t Repo r t ed : A N L - 7 6 4 0 , pp. 36-37 (Nov 1969). 

An impor t an t object ive for fue l - f a i l u re de t ec t i on s y s t e m s is 
the capabil i ty of di f ferent ia t ing be tween innocuous l e aks and s e r i o u s r u p ­
t u r e s than may lead to blockage of coolant channe l s and p r o p a g a t i o n of fuel 
fa i lu re . Examina t ion of a v a r i e t y of data on i r r a d i a t e d fuels i n d i c a t e s tha t 
such a dis t inct ion might be based on the r e l a t i v e c o n c e n t r a t i o n s of v a r i o u s 
isotopes of c e s i u m and r u b i d i u m in the s o d i u m coo lan t . 

C e s i u m and rub id ium (as we l l as iod ine , b r o m i n e , and t e l l u r i u m ) 
m i g r a t e through UO^-PuO^ fuel and co l l ec t at the fue l - c l add ing gap or i n t e r ­
face. Ces ium and rub id ium i so topes can en te r the s o d i u m t h r o u g h a b r e a k 
in the cladding by th ree m e c h a n i s m s : ( l ) d i s so lu t i on in s o d i u m con tac t ing 
the ba re fuel, (2) vola t i l iza t ion into the s o d i u m , and (3) decay of xenon and 
krypton p r e c u r s o r s that have r e a c h e d the s o d i u m or the cove r g a s . The 
r a t io of the va r ious i so topes in the s o d i u m would be e x p e c t e d to v a r y wi th 
(1) the m e c h a n i s m ( s ) of e s c a p e and (2) the r e s i d e n c e t i m e of the p r e c u r s o r s 
and of the c e s i u m and r u b i d i u m i so topes i n s i d e the fuel c l add ing . The l a t t e r 
is control led by the s ize of the cladding b r e a k ; t h u s , a l a r g e , s e r i o u s b r e a k 
might be indicated by a sudden i n c r e a s e in c e r t a i n of the c e s i u m and 
rub id ium isotopes in the sod ium coolant . 

F u r t h e r evaluat ion of this concep t , e s p e c i a l l y wi th r e g a r d to 
the volati l i ty of c e s i u m and r u b i d i u m f r o m oxide fuels and the l ike ly ex ten t 
of r e l e a s e of the va r ious i so topes of t h e s e e l e m e n t s f r o m v a r i o u s t ypes of 
fuel f a i l u r e s , is under way. 
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D. EBR-II - -Research and Development 

1. Equipment--Fuel Related (E. Hutter) 

a. Higher-worth Control Rod (O. S. Seim and T. Sullivan) 

Last Reported: ANL-7640, p, 39 (Nov 1969). 

All par ts needed for two prototypes of the higher-worth control 
rods have been fabricated. Pre i r radia t ion measurements of the B4C pellets 
that will be used in each upper preassembly will be made prior to assembly. 

b. Higher-worth Safety Rod (O. S. Seim and T. Sullivan) 

Not previously reported. 

Fabrication drawings of a higher-worth safety rod are complete. 
The design incorporates a 10-in.-long section containing natural B4G. Addi­
tional studies are being made to compare the worth of the natural B4C rods 
with that of enriched B4G rods. 

2. New Subassemblies and Experimental Support (E. Hutter) 

a. Improved Reflector Subassembly (O. Seim, W. Ware, and 
D. Walker) 

Previously Reported: ANL-7548, p. 47 (Jan 1969). 

Design of the Type BNS (bare nickel and stainless steel) reflector 
subassembly has been completed, and 190 complete subassemblies are being 
fabricated. The BNS subassembly is a standard-sized EBR-II hexagonal sub­
assembly that contains solid hexagonal slugs of nickel reflector and/or 
stainless steel shield mater ial . It is designed for use in both the inner and outer 
blanket regions of the reactor . 

For use as a reflector (primarily in the inner blanket region), 
the subassembly comprises an upper and lower axial shield and a reflector 
section The lower shield is a single length of Type 304 stainless steel, and 
the upper axial shield is two lengths of Type 304 stainless steel. The r e ­
flector section, three lengths of nickel, is centered on the vert ical core 
centerl ine. The uppermost shield piece is cut to length to provide aminimum 
gap of 1/16 in. between a crushable tube and the top end fixture. 

For use as a shield subassembly (primarily in the outer blanket), 
the nickel reflector pieces are replaced by pieces of stainless steel. Each 
shield or reflector piece is hexagonal and measures 2,062 in. across the flats. 

The basic subassembly, shown in Fig. I.D.l, has an overall length 
- r r , i27;„ ,^^ ari outside diameter of 2.290 in. across the hexagonal 



COOLANT FLOW ANNULUS 

Fig. I.D.l. EBR-II Model BNS Reflector Subassembly 
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f l a t s . T h e s e d i m e n s i o n s a r e i d e n t i c a l wi th t hose of all o the r E B R - I I s u b ­
a s s e m b l i e s excep t c o n t r o l - and s a f e t y - r o d s u b a s s e m b l i e s . The l o w e r a d a p t e r 
of the s u b a s s e m b l y is the s a m e as that u sed in a s t a n d a r d E B R - I I i n n e r - o r 
o u t e r - b l a n k e t s u b a s s e m b l y con ta in ing an a s s e m b l y for o r i f i c ing coo lan t flow. 
A h e x a g o n a l tube 6 4 i i in. long and 2.290 in. a c r o s s the f lats is we lded to 
the l o w e r a d a p t e r . Th i s tube con t a in s the shie ld a n d / o r r e f l e c t o r p i e c e s , 
A s t a n d a r d E B R - I I top end f ix tu re i s welded into the top of the hexagona l tube 
so tha t the s u b a s s e m b l y can be handled by the n o r m a l E B R - H fue l -hand l ing 
equ ipmen t , 

A s lo t t ed suppor t p l a t e is p l aced above the l o w e r a d a p t e r and on 
the i n s ide of the hexagona l tube . T h i s p la te s u p p o r t s the weight of the s ix 
m e t a l sh ie ld a n d / o r r e f l e c t o r p i e c e s . Coolan t p a s s e s t h rough the s lo t s and 
e n t e r s a 0 . 0 7 4 - i n . - w i d e annulus be tween the sh ie ld and r e f l e c t o r p i e c e s and 
the i n s i d e wal l of the hexagona l t u b e . 

The sh ie ld a n d / o r r e f l e c t o r p i e c e s a r e kept c e n t e r e d wi th in the 
h e x a g o n a l tube by d i m p l e s f o r m e d in the a l t e r n a t e f la ts of the tube at the top 
and b o t t o m of e a c h p i e c e . E a c h tube flat con t a in s s ix d i m p l e s s p a c e d at 
v a r i o u s i n t e r v a l s a long i t s length to give a to ta l of 36 d i m p l e s . E a c h d i m p l e 
is 3 /8 in. in d i a m e t e r and 0.048 in. deep . T h u s , the c l e a r a n c e be tween the 
bo t t om of the d i m p l e and the sh ie ld and r e f l e c t o r p i e c e s i s 0.052 in. T h i s 
c l e a r a n c e wi l l a c c o m m o d a t e any an t i c ipa ted d i f f e ren t i a l swe l l ing . A s h o r t 
length of t h i n - w a l l e d , s m a l l - d i a m e t e r s t a i n l e s s s t ee l tubing be tween the 
u p p e r sh ie ld p i e c e and the top end f ix tu re holds the s u b a s s e m b l y c o m p o n e n t s 
a g a i n s t the s u p p o r t p l a t e , and wi l l c r u s h to a c c o m m o d a t e v e r t i c a l swe l l ing . 

A t echn ique has been deve loped to fo rm the tube d i m p l e s wi thout 
d i s t o r t i n g t he tube beyond the d i m e n s i o n a l t o l e r a n c e . T h i s t e chn ique , which 
u s e s a m e t a l f e m a l e die and a r u b b e r m a l e die in a h y d r a u l i c p r e s s , e l i m i ­
n a t e s the p r o b l e m s of m a i n t a i n i n g p r e c i s e die a l i g n m e n t and the a s s o c i a t e d 
d i m e n s i o n a l d e v i a t i o n s tha t m i s a l i g n m e n t would c a u s e . A s i m p l e l a b o r a t o r y 
s e tup of the h y d r a u l i c p r e s s and d i e s has been m a d e to d e m o n s t r a t e w o r k ­
abi l i ty . A m e a s u r e d length of hexagona l tubing was d i m p l e d wi th the l a b o r a ­
to ry s e t u p . After be ing d imp led , the tubing was m e a s u r e d again to s e e if t he 
d i m e n s i o n s had changed . The t e s t i nd i ca t ed tha t the d i m p l e s could be f o r m e d 
a c c u r a t e l y to wi th in a ±0 .003 - in . t o l e r a n c e wi thout d i s t o r t i n g the tube s ign i f i ­
can t l y . T h i s f o rming m e t h o d wil l be u s e d in the f ab r i ca t i on of the 
190 s u b a s s e m b l i e s . 

3. I n s t r u m e n t e d S u b a s s e m b l i e s (E. H u t t e r and A. S m a a r d y k ) 

a. T e s t T h r e e - P N L - 1 7 

L a s t R e p o r t e d : ANL-7655 , pp. 58-59 (Dec 1969). 

(i) A s s e m b l y . T h e a s s i g n e d e x p e r i m e n t a l n u m b e r for t h i s 
s u b a s s e m b l y is XX02. 
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Fue l e l e m e n t s for XX02 w e r e r e c e i v e d f r o m the P a c i f i c 
Nor thwes t L a b o r a t o r y (PNL), and w e r e accep t ed a f te r i n s p e c t i o n and 
rad iography by ANL. After in spec t ion , the i n s t r u m e n t l e a d s w e r e cut and 
d r e s s e d to the r e q u i r e d length for a s s e m b l i n g , and the r e q u i r e d c h e c k s of 
e l e c t r i c a l i n s t r u m e n t a t i o n w e r e m a d e . The r e s i s t a n c e of the i n s u l a t i o n of 
the t h e r m o c o u p l e s was of the o r d e r of lO' ohms at 50 V, excep t for t he 
t he rmocoup le in e l e m e n t 19, the in su la t ion of which had a m e a s u r e d r e s i s t ­
ance of 1.4 X lO ' ohms at 25 V. B e c a u s e of the c e n t r a l l oca t i on of e l e m e n t 19 
with r e s p e c t to o ther adjacent t h e r m o c o u p l e s , P N L i n s t r u c t e d ANL to p r o ­
ceed us ing e l emen t 19. A s s e m b l y began on F e b r u a r y 9. 

A comple ted f l owmete r that had been t e s t e d in the s o d i u m 
f l o w m e t e r - t e s t loop a lso was r e c e i v e d . It was c o v e r e d wi th a b l ack oxide 
film resu l t ing f rom e x p o s u r e to sod ium in the loop. P r o c e d u r e s w e r e p r e ­
p a r e d for making the plug weld to the hexagona l s u b a s s e m b l y tube , and 
sample we ldmen t s showed that s a t i s f a c t o r y we lds could be m a d e wi thou t r e ­
moving the oxide fi lm. 

After it had been a s s e m b l e d , the s u b a s s e m b l y was s u b j e c t e d 
to a t ens i l e t es t , which ind ica ted e l a s t i c condi t ions u n d e r a t e s t load of 2000 lb . 
The extension tube is being a s s e m b l e d . 

P l a n s a r e being m a d e to modify the E B R - I I i n s t r u m e n t e d -
subassembly shipping con ta ine r for shipping XX02 f rom I l l ino i s to the E B R - I I 
s i te . A closely fitted wooden s t r u c t u r e wi l l be used a round the f u e l - e l e m e n t 
sect ion, and the outer con ta ine r wil l be r e i n f o r c e d with heavy p l a t e at the 
fue l -e lement locat ion. 

(ii) Bulkhead B r a z i n g (D. Walker ) 

The p r o c e d u r e deve loped to b r a z e the 20 s t a i n l e s s s t e e l 
s ensor leads to the bulkhead for i n s t r u m e n t e d s u b a s s e m b l y XXOl ( t e s t 2) 
has been changed for s u b a s s e m b l y XX02. Th i s change w a s m a d e to p r e v e n t 
the embr i t t l emen t of the s e n s o r l eads that o c c u r r e d at the top of the b r a z e 
joint, where the b r a z e alloy powder had been p r e p l a c e d . 

F i g u r e 1.D.2 shows the des ign of the bu lkhead for XX02. The 
0 .187/0 .189- in . -d ia holes a r e c av i t i e s in the bu lkhead . B r a z e - a l l o y powder 
is p rep laced in these cav i t i e s , and s t a i n l e s s s t e e l s l e e v e s , wh ich a r e p l a c e d 
over the sensor l eads f rom the top, a r e pushed down into the cavi ty in the 
bulkhead until they contact the powder ( see F i g , I ,D.3) . After b r a z i n g , 
fillets of b r a z e alloy will be at l oca t ions A and B in F i g . I .D .3 . In t h e s e 
a r e a s , the reac t ion of the s e n s o r l ead with the b r a z e al loy is m i n i m a l , and 
the lead r e m a i n s duc t i le . The zone of g i e a t e s t e m b r i t t l e m e n t o c c u r s w h e r e 
the b r aze -a l l oy powder had been p laced p r e p a r a t o r y to b r a z i n g . The added 
s leeve complete ly i so l a t e s the a r e a . 
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DIA-20 HOLES 

.41 ' 4H DIA- 19 HOLES 

INSTRUMENTATION 
SENSOR LEAD 

STN STL. SLEEVE 

BRAZE ALUOY POWDER 

BULKHEAD 

VIBRATION DAMPER 

Fig. I.D.2 Fig. I.D.3 

Drywell Bulkhead for Instru- Longitudinal Section of Drywell 
mented Subassembly XX02 Bulkhead for Instrumented Sub­

assembly XX02, Showing Pre-
placement of Braze-alloy 
Powder and Insertion of Stain­
less Steel Sleeve 

F i g u r e I .D.4 shows a long i tud ina l c r o s s sec t ion t h r o u g h 
an e tched f u l l - s i z e d t e s t b r a z e s a m p l e . E x c e l l e n t we t t ing and flow of the 
b r a z e al loy h a s o c c u r r e d . The s e n s o r l ead has b e e n b r a z e d to the bu lk ­
head at the B loca t ion , and to the s l eeve and bu lkhead at the A loca t ion . 
The p r e p l a c e d p o w d e r h a s c o n s o l i d a t e d as ,a r e s u l t of m e l t i n g , and an 
i s o l a t e d void has deve loped . 

The s a m e s o d i u m - c o m p a t i b l e , h i g h - n i c k e l b r a z e al loy 

u s e d o n X X 0 1 w i l l b e u s e d o n t h e X X 0 2 bu lkhead . The c o m p o s i t i o n and m e l t ­

ing r a n g e of the al loy a r e : 

C h e m i c a l A n a l y s i s , wt % 

S i - - 1 0 . 0 0 
G r - - 2 0 . 0 0 
F e - - 3 . 0 0 
N i . - B a l a n c e 

Sol idus 

1975 

Mel t ing Range , °F 

L iqu idus B r a z i n g T e m p e r a t u r e 

2075 2150 

The b r a z i n g is done in h i g h - p u r i t y h y d r o g e n supp l ied 
f r o m a p a l l a d i u m - s i l v e r al loy diffusion p u r i f i e r . The b r a z i n g fu rnace i s 
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e q u i p p e d w i t h a v a c u u m s y s t e m 

t h a t r e m o v e s a i r f r o m t h e m a t i n g 

s u r f a c e s of t h e b r a z e j o i n t , t h e r e b y 

e n s u r i n g g o o d h y d r o g e n a c t i v a t i o n 

d u r i n g t h e c l e a n - u p p o r t i o n of t h e 

p r o c e d u r e , 

b . T e s t F o u r 

N o t p r e v i o u s l y r e p o r t e d . 

T h e d e s c r i p t i o n , s a f e t y 

a n a l y s i s , a n d q u a l i t y - a s s u r a n c e o u t ­

l i n e of a c r e e p e x p e r i m e n t t h a t i s t o 

b e m a d e i n t h e t e s t - 4 i n s t r u m e n t e d 

s u b a s s e m b l y h a s b e e n r e c e i v e d f r o m 

B a t t e l l e N o r t h w e s t L a b o r a t o r y . 

O n e c r e e p s p e c i m e n , 

l o a d e d b y p n e u m a t i c b e l l o w s , a n d 

f o u r p r e s s u r i z e d t u b e s w i l l b e i n ­

c l u d e d i n t h e s u b a s s e m b l y f o r s t u d y 

of b i a x i a l s t r e s s e s . A N L w i l l i n ­

s t a l l t h e c a p s u l e c o n t a i n i n g t h e 

s p e c i m e n and i t s a s s o c i a t e d i n s t r u m e n t a t i o n i n t h e s u b a s s e m b l y . T h e t e s t - 4 

s u b a s s e i n b l y w i l l d i f f e r f r o m t h e p r e v i o u s i n s t r u m e n t e d s u b a s s e m b l i e s m a i n l y 

i n t h e u s e of t w o h e a v y l e a d s . A 3 / l 6 - i n . h e a t e r l e a d w i l l s u p p l y 7 k W of 

e l e c t r i c a l p o w e r t o t h e c r e e p - c a p s u l e h e a t e r , a n d a 3 / l 6 - i n . c o n c e n t r i c s h a f t 

a r r a n g e m e n t w i l l d r i v e a n e x t e n s o m e t e r g e a r b o x w i t h i n t h e c r e e p c a p s u l e . 

A n o t h e r r e q u i r e m e n t c a l l s f o r o p e r a t i o n of t h e t e m p e r a t u r e c o n t r o l s a n d 

h e a t e r d u r i n g fue l h a n d l i n g t o m a i n t a i n t h e c a p s u l e a t t h e d e s i r e d 

t e m p e r a t u r e . 

Fig. I.D.4. EtctiL'd Luiigitudinal Section tlirough Brazed 
Sensor Lead in Test Bulkhead of Instru­
mented Subassembly XX02 (PNL-17). Gray 
areas at interfaces are the braze alloy. 
Mag. 2.5X. 

T a b l e I . D . l l i s t s t h e i n s t r u m e n t - l e a d r e q u i r e m e n t s f o r t h e 
s u b a s s e n n b l y . 

M e t h o d s fo r i n c o r p o r a t i n g t h e i n l e t - c o o l a n t a n d o u t l e t - c o o l a n t 
t h e r m o c o u p l e s , a s w e l l a s f o r s u p p o r t i n g t h e c r e e p c a p s u l e , w e r e d e v e l o p e d 
and i n c o r p o r a t e d i n t o t h e d e s i g n . A d r y w e l l h a s b e e n i n t r o d u c e d i n t o t h e 
d e s i g n of t h e s u b a s s e m b l y , s e p a r a t e f r o m t h e c r e e p c a p s u l e , f o r h o u s i n g t h e 
f lux m o n i t o r s . 

T h e l e a d c u t t i n g t h a t i s t o b e d o n e b e f o r e t h e s u b a s s e m b l y i s 
r e m o v e d f r o m t h e r e a c t o r i s b e i n g d e v e l o p e d . T h i s d e v e l o p m e n t w o r k 
c o n s i s t s of s t u d y i n g t h e o p t i m u m p l a c e m e n t of t h e l e a d s o n t h e c u t t i n g 
c i r c l e , t h e c u t t i n g of s a m p l e l e a d s i n a i r , a n d t h e p r o o f t e s t c u t t i n g of 
r e p r e s e n t a t i v e l e a d s in a s o d i u m e n v i r o n m e n t . 
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TABLE I.D.l . Ins t rument - lead Requirements for 
the T e s t - 4 Instrumented Subassembly 

Number of 
Designation Diameter of Leads (in.) Leads Required 

Ceramic - insu la t ed sheathed cable 
for hea te r coil 3/16 1 

Concentr ic drive shaft 
for ex tensometer 3/16 1 

Extensometer detector 1/16 1 
Biaxia l - spec imen tubes 1/16 4 
Capsule thermocouples l / l 6 6 
Loading-bellows tube 1/8 1 
Capsule-gas thermocouple 1/16 2 
Inlet-coolant thermocouple 1/16 1 
Outlet-coolant thermocouple 1/16 1 
F lux-moni tor tube 3 / l 6 ]_ 

Total 19 

The e q u i p m e n t for p e r f o r m i n g the l e a d - c u t t i n g t e s t s in a i r 
c o m p r i s e s a s t r u c t u r e to s i m u l a t e the 30- f t - long ex t ens ion tube , a m o t o r 
to d r i v e the shaft of the cut t ing tool , and a t o r q u e t r a n s d u c e r . The equ ip ­
m e n t for p e r f o r m i n g the l e a d - c u t t i n g t e s t s in sod ium inc ludes two p o t s . 
The t e s t s wi l l be p e r f o r m e d in one of the po t s , and the o the r pot wi l l s e r v e 
as a s o d i u m r e s e r v o i r . A m o t o r - m o u n t pad is on the cove r of the f i r s t pot , 
and the d r i v e shaft of the cut t ing tool ex tends th rough the c o v e r . A t e s t 
b lock con ta in ing l e a d s and the cut t ing tool can be i n s e r t e d th rough the 
c ov e r . 

4. Coo lan t C h e m i s t r y (D. W. C i s s e l ) 

a. Sod ium Coolant Qual i ty Mon i to r ing and Con t ro l (W. H. Olson , 
E . R. E b e r s o l e , and D. C. Cutfor th) 

L a s t Repo r t ed : A N L - 7 6 6 1 , pp. 37-40 (Jan 1970). 

(i) I n - l i n e V a c u u m D i s t i l l a t i o n of Sod ium. T e s t i n g of the i n ­
l ine v a c u u m - d i s t i l l a t i o n s o d i u m s a m p l e r cont inued in the E B R - I I s e c o n d a r y 
s o d i u m s y s t e m . The s a m p l e r was d e s i g n e d to p r o v i d e r e s i d u e f rom 125 g 
of s o d i u m for d e t e r m i n a t i o n s of t r a c e m e t a l s . It a p p e a r s tha t the s a m p l e r 
a l s o can be u s e d for oxygen d e t e r m i n a t i o n s if al l s o d i u m in the r e s i d u e can 
be a s s u m e d to be NajO. 

T a b l e I.D.2 l i s t s the r e s u l t s for t h r e e s a m p l e s of s e c o n d a r y 
s o d i u m , each - 1 2 5 g and obta ined with a s a m p l e flow of - 0 . 8 gpm, d i s t i l l e d 
in l ine and ana lyzed for oxygen. The r e s i d u e was d i s s o l v e d , and to t a l 
sod ium w a s d e t e r m i n e d by f l a m e - e m i s s i o n s p e c t r o p h o t o m e t r y . Oxygen 
c o n c e n t r a t i o n then was c a l c u l a t e d by a s s u m i n g tha t al l s o d i u m w a s p r e s e n t 
as NajO. 
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T A B L E I .D.2. Oxygen in S e c o n d a r y Sod ium by 
A n a l y s i s of V a c u u m - d i s t i l l a t i o n R e s i d u e s 

F l u s h S a m p l e 
Sample Sample T i m e T e m p Oxygen 

Con ta ine r (min) (°F) (ppm) Date 

1 2 / 1 8 / 6 9 Ti 18 533 1.4 
2 / 1 1 / 7 0 Ti 32 560 1.7 
2 / 1 2 / 7 0 304 SS 55 550 1.6 

Note: On l / l 5 / 7 0 , oxygen was 1.8 ppm as d e t e r m i n e d 
by the m e r c u r y a m a l g a m a t i o n me thod . 

(ii) N i t rogen Con tamina t ion in E B R - I I P r i m a r y C o v e r G a s . The 
n i t rogen content in the EBR- I I p r i m a r y cover gas has been m o n i t o r e d c l o s e l y 
s ince Apr i l 1968. T h r e e g e n e r a l t r e n d s w e r e o b s e r v e d af ter s e v e r a l m o n t h s 
of moni to r ing . F i r s t , s t ep i n c r e a s e s in the n i t r o g e n c o n c e n t r a t i o n often o c ­
c u r r e d dur ing r e s t r i c t e d fuel handl ing . Step i n c r e a s e s of 1000 p p m w e r e 
common, and some s tep i n c r e a s e s of 2500 p p m w e r e o b s e r v e d . The second 
t r end was a s teady i n c r e a s e in n i t r o g e n conten t dur ing u n r e s t r i c t e d fuel 
handling. I n c r e a s e s of 1000-2000 ppm w e r e f requen t . The t h i r d t r e n d w a s a 
gradual d e c r e a s e in n i t rogen content when the r e a c t o r was o p e r a t i n g . 

Dur ing 1968 and the f i r s t n ine m o n t h s of 1969, the n i t r o g e n 
content in the p r i m a r y cover gas r anged f rom a low of l e s s than 1000 ppm, 
at the end of a purge of the p r i m a r y - t a n k cove r g a s , to a high of about 
14,500 ppm. The ove ra l l weighted a v e r a g e c o n c e n t r a t i o n d u r i n g t h i s t i m e 
was about 5500 ppm. 

The opera t ing p r o c e d u r e s for r e s t r i c t e d fuel hand l ing w e r e 
refined nea r the end of 1969. Since then, s t ep i n c r e a s e s in n i t r o g e n con ten t 
during r e s t r i c t e d fuel handl ing have not been o b s e r v e d . H o w e v e r , the n i t r o ­
gen content s t i l l has i n c r e a s e d dur ing u n r e s t r i c t e d fuel hand l ing and d e ­
c r e a s e d dur ing r e a c t o r ope ra t ion . The p r e s s u r e of the p r i m a r y c o v e r gas 
was r a i s e d dur ing an extended sequence of u n r e s t r i c t e d fuel hand l ing , but 
the r e s u l t s w e r e inconc lus ive . F u r t h e r w o r k is p lanned to a s c e r t a i n the 
effect of i n c r e a s e d c o v e r - g a s p r e s s u r e . 

Since October 1969, the n i t r o g e n conten t h a s r a n g e d f r o m a 
low of about 2000 ppm to a high of about 5500 p p m . T h e we igh ted a v e r a g e 
concent ra t ion is about 3300 ppm. 

5- E x p e r i m e n t a l I r r a d i a t i o n and T e s t i n g (R. N e i d n e r ) 

^. E x p e r i m e n t a l I r r a d i a t i o n s 

Las t Repor ted : A N L - 7 6 6 1 , p . 40 ( Jan 1970). 



Table I.D.3 shows the status of the experimental subassemblies 
in EBR-II as of February 15, 1970. 
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TABLE I.D.3. Status ol EBR-II Experimental Irradiations as ol February 15, 1970 (Run 40B in Progress! 

Subassembly 

No. and 

(Posi t ion) 

XG03 

(7011 

XC04 

(7B1I 

X012A 

(4B2I 

X018B 

(4E2I 

X021B 

I2D1I 

X027 

(4B3) 

X034A 

(2F1I 

X035 

(7B3) 

X036 

(7E1I 

X038 

(7C5I 

X040A 

I5B2I 

X041 

(7A3I 

X043 

(4D2I 

XOSO 

(4C2I 

X051 

(3A2I 

X054 

(4E11 

X055C 

(7A41 

X056 

(5C2I 

X057 

(2B1) 

X058 

(6F1I 

X059 

(4A1I 

X061 

(7A5I 

X062 

(6F3) 

Date 

Charged 

7/16/65 

7 /W65 

12/12/69 

10/2/69 

2/23/69 

11/21/67 

9/30/69 

4/13/68 

7/25/68 

5/7/68 

9/3(V69 

7/24/68 

2/20/69 

2/23/69 

12/16/68 

3/31/69 

2/23/69 

4/2/69 

2/23/69 

4/24/69 

4/23/69 

4/23/69 

5/23/69 

Capsule Content and 

(Number of Capsules) 

UO2-2O v«t % P u O j 

UO2-20 »rt % P u O j 

UO2-2O «rt % P u O j 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

UO2-25 v»t % P u O j 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

S t r u c t u r a l 

UO2-25 wt * PUO2 

S t r u c t u r a l 

UO2-2O wt % PUO2 

UO2-25 wt % PUO2 

S t r u c t u r a l 

UO2-25 wt % P u O j 

UO2-2O wt % PUO2 

UO2-28 wt % PUO2 

UO2-2O wt » PUO2 

<"0.28-P"0.18lC 
S t r u c t u r a l 

UO2-25 wt % P u 0 2 

UO2-25 wt » PUO2 

' % 8 5 - P " 0 . 1 5 l C 

UO2-25 wt % Pu02 

S t r u c t u r a l 

UO2-25 wt % PUO2 

UO2-25 wt % Pu02 

S t r u c t u r a l 

UO2-25 wt % P u O j 

( 2) 

1 21 

119) 

1 3) 

( 21 

( 1) 

1 1) 

( 61 

( 1) 

(181 

( 1) 

1 4) 

( 31 

( 7) 

(19) 

( 7) 

1181 

(16) 

1 71 

137) 

1 4) 

( 4) 

( 5) 

1 2) 

( 41 

(37) 

(37) 

(191 

137) 

( 7) 

(37) 

(37) 

( 7) 

(37) 

Exper i ­

menter 

GE 

GE 

NUMEC 

GE 
ANL 
ANL 
PNL 

PNL 
PNL 

GE 
PNL 

ORNL 

ORNL 

ORNL 

GE 

INC 

ANL 
GE 

PNL 

GE 

GE 
GE 
ORNL 

W 

GE 

PNL 

PNL 

UNC 

GE 

PNL 

CE 

PNL 

INC 

GE 

Accumulated 

Exposure 

(MWd) 

26.948 

28,144 

2,038 

2,638 

18,278 

9,314 

15,430 

2,638 

15.222 

12.828 

14.804 

2,638 

13,264 

, 8,544 

8,544 

9,089 

7,944 

9,314 

7,944 

9,314 

7,368 

7,368 

8,138 

5,465 

Estimated 

Goal 

Exposure 

IMWd) 

37,000 

45,000 

4,200 

10.000 

23,200 

9,000 

17,600 

7,500 

44,800 

43,300 

17,700 

4,800 

16,700 

11,000 

11,900 

16,400 

10,000 

20,000 

10,600 

15,000 

16,000 

17,500 

18,000 

13,400 

1.1 

1.0 
1.0 

3.9 

11 

1.3 

1.3 

4.5 

3.3 

B u r n u p ^ 

6.9 

7.2 

* 10.2" • 11.3 

+ S.s" • 6.8 

+ 5.8" • 6.8 

10 
1.0 

+ 4 . 1 " • 8.0 

3.9 

8.5 

6.1 

+ 4 .8" • 5.9 

1.1 

3.5 

3.4 

3.2 

+ 3.5" = 4.8 

+ 3.4" = 4.7 

2.9 

4.7 

+ 7.4" • 11.9 

4.5 

4.5 

4.5 

+ 5.3" • 8.6 

1.8 

4.2 

2.9 

3.9 

3.9 

2.7 

2.5 

1.8 

2.4 



Subassembly 

No. and 

(Posit ion) 

X063 

(7F5) 

X064 

(4F2) 

X065B 

I7E5) 

X068 

I4A3) 

X069 

14F1) 

XO70 

(3E1) 

X071 

I4C3) 

X072 

I6B2) 

X073 

(6C3) 

X074 

I5A2) 

X075 

(5E4) 

XXOl 

I5F3I 

Date 

Charged 

6/29/69 

5/28(69 

1/30/70 

1/30/70 

10/1/69 

1/10/70 

1/30/70 

12/12/69 

12/12/69 

1/10/70 

1/30/70 

11/19/69 

TABLE I.D.3 (Contd.) 

Capsule Content and 

(Number of Capsul 

fvlagnetic f ^ t e r i a l s 

U02-25 wt % Pu02 

S t ruc tu ra l 

S t ruc tu ra l 

Mark IA 

U02-25 wt % Pu02 

UO2-20 wt % PUO2 

UO2-2O wt % PUO2 

(Uo.8-P"0.2)C 
IUo8-Pu0.2)C 

l "0 .8 - ' ' " 0 .2 'C 
l(J0.8-P"0.2lN 

IVIark II 

mid II 

UO2-2O wt % PUO2 

S t ruc tu ra l 

UO2-25 wt 7. Pu02 

U02-25 wt % Pu02 

(Uo.g-Puo.2)C 

UO2 

St ruc tu ra l 

es) 

1 7) 

119) 

(221 

( 51 

161) 

(37) 

( 8) 

( 71 

( 11 

( 11 

( 1) 

( 1) 

128) 

1 9) 

118) 

( 1) 

(37) 

(37) 

(181 

(16) 

1 2) 

Experi­

menter 

ANL 

GE 

ANL 

ANL 

PNL 

NUIVIEC 

CE 

LASL 

LASL 

W 

BMI 

ANL 

ANL 

ANL 

ANL 

PNL 

PNL 

UNC 

ANL 

ANL 

Accumula ted 

Exposure 

(MWd) 

5,804 

6,236 

667 

667 

2,638 

1,267 

667 

2,038 

2,038 

1,267 

667 

2,038 

Estimated 

Goal 

Exposure 

(MWd) 

5,400 

10,700 

1,350 

6,500 

20,700 

6,000 

3,800 

9,200 

29,600 

14,500 

5,100 

2,700 

0.1 

0.7 

0.7 

0.7 

Burnup^ 

L2 

3.5 

* 0.4" • 0.5 

0.1 

0.2 

0.9 

+ 6.5" • 7.2 

+ 5 .1" • 5.8 

+ 1.4" • 2.1 

0.7 

0.7 

0.7 

0.4 

0.8 

0.5 

0.5 

0.6 

0.3 

0.5 

0.7 

^Estimated accumulated center burnup on peak rod, based on unperturbed flux and without depletion corrections (fuels, 

nonfuels, nvt x 10'^^). 

bPrevious exposure from another subassembly. 

CX055 relocated from 6A4 for Run 40. 

Subassembly XO20 was d i s c h a r g e d f r o m the r e a c t o r at the end 
of Run 39. The following s u b a s s e m b l i e s w e r e i n s t a l l e d : X 0 6 5 B ( A N L / 
EBR-II p r e s s u r i z e d - t u b i n g e x p e r i m e n t , r e c o n s t i t u t e d ) ; XO68 (61 e n c a p s u ­
lated Mark - IA fuel e l e m e n t s ) ; X 0 7 1 (37 e n c a p s u l a t e d M a r k - I I fuel e l e m e n t s ) ; 
and X075 (UNC ca rb ide c a p s u l e s r e c o n s t i t u t e d f r o m S u b a s s e m b l y X 0 3 3 ) . 

Th ree s u b a s s e m b l i e s - - X 0 5 5 , X 0 7 2 , and X O 4 0 A - - w e r e m o v e d 
to different gr id loca t ions . 

6. M a t e r i a l s - C o o l a n t Compat ib i l i ty (D. W. C i s s e l ) 

a. Evaluat ion and Surve i l l ance of E B R - I I M a t e r i a l s 

Las t Repor ted : A N L - 7 6 6 1 , pp. 40 -44 ( Jan 1970). 

(i) Evaluat ion of M a t e r i a l s S u b a s s e m b l y XA08 (S. G r e e n b e r g ) 

E l e c t r o n - m i c r o p r o b e e x a m i n a t i o n showed no e v i d e n c e of 
carbon t r a n s f e r to or f rom the s u r f a c e . The d i s t r i b u t i o n of c a r b o n o b s e r v e d 
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in the sample was consistent with the sensitization observed through the 
optical microscope. The sample-exposure temperature calculated by the 
HECTIC code is 423°C, which is in good agreement with the minimum tem­
perature of approximately 425°C that was deduced from the observed meta l ­
lurgical s t ructure , 

(ii) Substitution of Other Stainless Steels for Type 304 Stainless 
Steel in EBR-II (S. Greenberg and W. E. Ruther) 

Machining costs would be reduced appreciably if Type 304 
stainless steel were replaced with a free-machining and/or lower-cost grade 
in a variety of relatively complicated components of expendable core hard­
ware in EBR-II. In addition, designers would have more flexibility if these 
alternative mater ia ls were acceptable. 

The pr imary alternative mater ia ls being considered are 
Types 201, 302, and 303 stainless steels (the last would not be used for any 
fusion-welded component). These mater ia ls along with Type 304 LN stain­
less s tee l - -an experimental mater ia l of possible LMFBR in t e r e s t - - a r e 
being tested together with Type 304 stainless steel as a basis for comparison 
in a polythermal flowing-sodium loop. The temperatures in the hot and 
cold legs of the loop are 1050 and700°F, cold-trap temperature is 257°F, and 
maximum flow rate is approximately 2 m / s e c . The test has run for about a 
month. 

Type 304 LN stainless steel, made by U.S. Steel, has a re la­
tively high nitrogen content; the test samples contain 0,14% N and 0.016% G. 
It is designed for increased resistance to intergranular penetration. 

(iii) Evaluation of Chromium Plating (W. E. Ruther) 

Preparat ions are being made for corrosion evaluation of thin 
(-0.0001 in.) chromium plating within EBR-II. The hardware has been ma 
chined, and the corrosion specimens have been prepared for exposure in a 
mater ia l - tes t subassembly in the EBR-II inner blanket. 

Thirty ring specimens, each approximately 2 in. in diameter 
and 2 in. long, will be stacked on the central support column in the subas­
sembly. Each specimen will be weighed to the nearest 0.1 mg on an 
analytical balance before and after the reactor exposure. If only the external 
exposed a rea is considered, each mill igram of weight loss wUl correspond to 
approximately 0.6 /.iin. of chromium loss. 

The intent is to expose five repeating groups of six rings 
each. Each group will consist of the following rings: 

a. bare Type 304 stainless steel; 
b. "electrolizing" chromium plate, 75-150 /nin. thick; 
c. "electrolizing" chromium plate, 150-250/nin. thick; 



d. o r d i n a r y e l e c t r o p l a t e , 25-75 /iin. th ick ; 
e. o r d i n a r y e l e c t r o p l a t e , 75-150 fiin. th ick ; 
f. o r d i n a r y e l e c t r o p l a t e , 450-550 /iin. th ick ; 

On the b a s i s of p r e v i o u s e x p e r i e n c e wi th a s i m i l a r s u b ­
a s s e m b l y , the t e m p e r a t u r e at the b o t t o m wil l be 700°F and the t e m p e r a t u r e 
at the top a p p r o x i m a t e l y 940°F. Sodium flow wi l l be a p p r o x i m a t e l y 1.2 gpm. 
The exposure wil l be for a p p r o x i m a t e l y 10 m o n t h s in Row 7 of E B R - I I . Th i s 
length of exposu re is n e c e s s a r y for a c c u r a t e f o r e c a s t i n g of l o s s of p la t ing 
for the l onge r - l i ved appl ica t ions in EBR- I I . 

b. Examina t ion of M a t e r i a l s f r o m E B R - U S u r v e i l l a n c e S u b a s s e m b l i e s 

(R. V. S t ra in and S. G r e e n b e r g ) 

Las t Repor t ed : A N L - 7 6 6 1 , p. 44 ( Jan 1970). 

Table I.D.4 l i s t s the changes in weight and in dens i t y of the h a r d ­
n e s s s a m p l e s exposed in SURV-2. As was the c a s e with S U R V - 1 , only the 
b e r y l l i u m - c o p p e r and t a n t a l u m s a m p l e s showed c o n s i s t e n t l y high weight 
l o s s e s . ( T h e r e a r e no longer any b e r y l l i u m - c o p p e r componen t s o p e r a t i n g in 
the r e a c t o r . ) One sample each of a l u m i n u m b r o n z e and T - l tool s t e e l a l s o 
showed unusual ly high a p p a r e n t weight l o s s e s , which a r e b e l i e v e d to be due 
to e x p e r i m e n t a l e r r o r . Componen ts f ab r i ca t ed of a l u m i n u m b r o n z e and 
T - l tool s t ee l a r e p e r f o r m i n g s a t i s f a c t o r i l y in E B R - I I . 

TABLE I.D.4. Weight and Density Changes of Hardness Samples from SURV-2 

Density 
Pre i r rad ia t ion Changeh 

Density (g/cm^) (g/cm ) 

7.477 +0.009 

8.376 +0.014 

+0.017 

Material 

Aluminum Bronze--
Ampco Grade 18 

Stellite 6B 

Inconel X-750 

Type 420 
Stainless Steel 

Samplea 
N( 

A - l 
A - 2 
A-3 
A - 4 
A - 5 

B - 1 
B - 2 
B - 3 
B - 4 

D. 

(He) 

B-5 (He) 

C - 1 
C - 2 
C - 3 
C - 4 
C - 5 

D - 1 
D - 2 
D - 3 
D - 4 
D - 5 

(He) 

(He) 

Pre i r radia t ion 
Weight (g) 

16.1235 
16.0560 
16.0648 
16.0629 
16.0239 

18.0991 
18.0889 
18.0865 
18.1008 
18.1005 

17.7736 
17.7620 
17.7684 
17.6870 
17.7699 

16.3578 
16.3498 
16.3557 
16.4963 
16.5042 

Weight 
Changeb 

(mg) 

-1.1 
-1,5 
-9.7 
-1.0 

0.0 

+ 0.3 
+ 0.3 
+ 0.1 
+ 0.6 
+ 0.7 

-1.1 
-1.0 
-1.1 
-1.0 
-1.2 

-0.2 
-0.9 
-0.5 
-0.9 
-0.5 
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TABLE I.D.4 (Contd. 

Samplea 
No. 

E - 1 
E - 2 
E - 3 
E - 4 
E-5 (He) 

F - 1 
F - 2 
F - 3 
F - 4 
F-5 (He) 

G - 1 
G - 2 
G - 3 
G - 4 
G-5 (He) 

H - 1 
H - 2 
H - 3 
H - 4 
H - 5 

I - l 
1-2 
1-3 
1-4 
1-5 (He) 

J - 1 
J - 2 
J - 3 
J - 4 
J -5 (He) 

K - 1 
K - 2 
K - 3 
K - 4 
K-5 (He) 

M - 1 
lVl-2 
M - 3 
M - 4 
M-5 (He) 

Pre i r rad ia t ion 
Weight (g) 

18.6689 
18.6770 
18.6598 
18.6753 
18.7068 

16.9494 
16.9453 
16.9346 
16.9265 
16.9272 

16.3470 
16.3083 
16.3447 
16.3548 
16.3550 

17.9677 
17.9745 
17.9862 
17,9594 
17.9843 

16.7669 
16.7736 
16.8037 
16.5024 
16.8292 

16.6606 
16.6748 
16.6930 
16.6408 
16.7058 

16.8490 
16.8591 
16.8633 
16.8248 
16.8222 

36.1254 
36.1815 
36.1617 
36.1365 
36.1470 

Weight 
Change" 

(mg) 

+ 0.2 
-0.5 
+ 0.1 
-9.3 
+ 1.1 

-1.0 
-0.4 
-0.5 
-0.6 
-0.6 

0.0 

+ 0.2 
-0.3 
-1.1 
-0.7 

-137.7 
-333.9 
-491.6 

-3.6 
-1.1 

-1.5 
-1.1 
-1.8 
-0.7 
-0.2 

-0.8 
-0.5 

. -1.0 
-0.5 
-0.6 

-0.3 
-1.8 
-0.3 
-0.3 
-0.4 

-9.7 
-29.9 
-11.5 
-18.4 

+ 0.5 

Density 
Pre i r rad ia t ion Changeb 

Density (g/cm^) (g/cm^) 

T - l Tool Steel 

Type 347 
Stainless Steel 

Type 416 
Stainless Steel 

Beryl l ium-Copper-
Berylco 25 

Type 304 
Stainless Steel 
with Boron 

Type 17-4 PH 
Stainless Steel 

Type 3 04 
Stainless Steel 

Tantalum 

8.656 

7.750 

16.685 

0.000 

+0.003 

+0.001 

-0.001 

-0.008 

-0.061 

^For each mater ia l listed, the first four samples were exposed directly to the sodium of the 
reactor pr imary system. The fifth sample in each case was sealed in a capsule containing a 
helium atmosphere . The i rradiat ion tempera ture was about 700"'F, and the total residence 
time in position 12E1 of the core was about 52 months. 

''Minus sign indicates decrease ; plus sign indicates increase . 

Only the samples of tantalum, T- l tool steel, and Type 304 
stainless steel showed appreciable reductions in density. The density of 
the remaining seven samples (three exposed in sodium and four in helium) 
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of each m a t e r i a l wil l be checked in an a t t e m p t to d e t e r m i n e w h e t h e r or not 
t h e r e has been an ac tua l r educ t ion in d e n s i t y . The a p p a r e n t i n c r e a s e s m 
dens i ty of S te l l i te 6 B and of Inconel X-750 p r o b a b l y a r e due to e x p e r i m e n t a l 
e r r o r , but addi t ional s a m p l e s of t h e s e m a t e r i a l s a l so m a y be c h e c k e d . 

c. Effect of I n t e r s t i t i a l E l e m e n t s in E B R - I I Sod ium 

L a s t Repor ted : A N L - 7 6 5 5 , p . 65 (Dec 1969). 

(i) N i t r ida t ion of Type 304 S t a i n l e s s S tee l in S o d i u m 

(T. D. C l a a r ) 

The argon cover gas for the E B R - I I p r i m a r y s y s t e m t y p i ­
cal ly conta ins 0 .25-0.50 wt % of n i t r ogen as an i m p u r i t y . T h e bulk s o d i u m 
under this cover gas is m a i n t a i n e d at 700°F. D u r i n g o p e r a t i o n , t h i s ^sodium 
is p a s s e d through the c o r e of the r e a c t o r , f r o m which it ex i t s at 900°F . 
When the r e a c t o r power l eve l is r a i s e d to 62.5 MWt, h o w e v e r , the t e m p e r a ­
t u r e of the s t a i n l e s s s t ee l in e x p e r i m e n t a l s u b a s s e m b l i e s i s e x p e c t e d to 
r each approx imate ly 1200°F. If n i t rogen is t r a n s p o r t e d f r o m the c o v e r gas 
into the r e a c t o r c o r e , i n t e r a c t i o n s with s t a i n l e s s s t e e l c o m p o n e n t s m a y 
r e s u l t at this t e m p e r a t u r e . A s e r i e s of e x p e r i m e n t s was p e r f o r m e d to 
eva lua te the n i t r id ing po ten t ia l u n d e r condi t ions a p p r o x i m a t i n g t h o s e in the 
bulk tank and in the c o r e . 

By exposing Type 304 s t a i n l e s s s t e e l for one w e e k to s o d i u m 
at a t e m p e r a t u r e of 1020°F and u n d e r a n i t r ogen cove r g a s , it was d e m o n ­
s t r a t e d ini t ia l ly that n i t r i da t ion of s t a i n l e s s s t e e l in s o d i u m could o c c u r . 
Meta l log raph ic examina t ion of the foils r e v e a l e d a n i t r i d e l a y e r ex tend ing 
to a depth of 4 x 10"'* in. into the m e t a l exposed to the s o d i u m and 7 x 10"* in. 
into the foil exposed to the cover gas above the sod ium. 

To s imu la t e the r e a c t o r cove r gas m o r e c lo se ly , c o m m e r ­
cially p r e p a r e d gas m i x t u r e s of O.I wt % and of 1.0 wt % n i t r o g e n in p u r e 
argon w e r e obtained. Seven-day t e s t s w e r e conduc ted in which Type 304 
s t a in l e s s s t ee l foils w e r e exposed to s o d i u m at 1020 and 1200°F u n d e r e a c h 
of the two A-N2 cover g a s e s . The s u r f a c e s exposed d i r e c t l y to the s o d i u m 
w e r e e l ec t ropo l i shed before t e s t i ng to give an e x t r e m e l y s m o o t h s u r f a c e . 
After exposure , t h e s e s u r f a c e s w e r e e x a m i n e d m i c r o s c o p i c a l l y ; they w e r e 
found to contain m a s s i v e n i t r i d e s at the g r a i n b o u n d a r i e s and s m a l l e r n i t r i d e 
p r e c i p i t a t e s within the g r a i n s . T r a n s v e r s e s e c t i o n s of the foi ls showed 
n i t r i des at the g ra in b o u n d a r i e s n e a r the s o d i u m - e x p o s e d s u r f a c e to a dep th 
l e s s than 1 x 10" in. The d e g r e e of s u r f a c e n i t r i d i n g i n c r e a s e d wi th t e m ­
p e r a t u r e and n i t rogen content of the c o v e r ga s . 

The c l o s e s t dupl ica t ion of the cond i t i ons in the E B R - I I p r i ­
m a r y tank was obtained by expos ing a 5 - m i l Type 304 s t a i n l e s s s t e e l foil 
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to 700°F s o d i u m u n d e r an A - l wt % N2 cove r gas for four w e e k s . U n d e r 
t h e s e c o n d i t i o n s , only a v e r y s l ight amount of s u r f a c e n i t r i d ing could be 
d e t e c t e d m i c r o s c o p i c a l l y . C h e m i c a l a n a l y s i s of the foil i nd ica ted no 
i n c r e a s e in n i t r o g e n conten t above the l e v e l of 0.045 wt % in the a s -
r e c e i v e d m a t e r i a l . The m a t e r i a l w a s not e m b r i t t l e d as a r e s u l t of the 
exposure . 

N i t r i d i n g of Type 304 s t a i n l e s s s t ee l in l iquid s o d i u m u n d e r 
the cond i t ions in the E B R - I I tank a p p e a r s to be an e x t r e m e l y s low p r o c e s s 
and should c a u s e no s igni f icant d e g r a d a t i o n of E B R - I I r e a c t o r c o m p o n e n t s 
d u r i n g t h e i r n o r m a l l i f e t i m e s . E x a m i n a t i o n of the E B R - I I a u x i l i a r y g r i p p e r 
p lug exposed at the s o d i u m - a r g o n i n t e r f a c e in the tank s u g g e s t s that n i t r i d a t i o n 
above the s o d i u m l e v e l m a y be m o r e i m p o r t a n t than n i t r i d a t i o n in the s o d i u m . 
F u r t h e r t e s t i n g is p lanned to eva lua t e th i s p o s s i b i l i t y . 

(ii) Tr i t iu im D i s t r i b u t i o n in S o d i u m - c o o l e d F a s t R e a c t o r s 
(S. G r e e n b e r g ) 

T r i t i u m is p r o d u c e d in a s o d i u m - c o o l e d fas t r e a c t o r as a 
r e s u l t of the f i s s ion p r o c e s s and of the n e u t r o n - l i t h i u m i n t e r a c t i o n . (L i th ium 
m a y be p r e s e n t in s o d i u m as an i m p u r i t y a n d / o r a d e l i b e r a t e l y added oxygen 
getter.) 

Since t a n t a l u m is an exce l l en t h y d r o g e n g e t t e r , it was thought 
r e a s o n a b l e to ana lyze the t a n t a l u m c ladding of S o u r c e SO-1915 , which had 
been exposed to p r i m a r y s o d i u m in E B R - I I for about five y e a r s . Dur ing t h i s 
p e r i o d , the c o n c e n t r a t i o n of h y d r o g e n in the t a n t a l u m i n c r e a s e d f r o m 2 to 
13 p p m . Of the h y d r o g e n in the t a n t a l u m af ter i t s e x p o s u r e in E B R - I I , 
0.076 wt % w a s t r i t i u m . The in i t i a l t r i t i u m c o n c e n t r a t i o n of the t a n t a l u m 
w a s n i l . 

M e a s u r a b l e quan t i t i e s of t r i t i u m appa ren t l y have r e a c h e d 
the coo lan t sod ium, thus having a c c e s s to the cove r gas and, in tu rn , to the 
a t m o s p h e r e . T h i s m a t t e r wi l l cont inue to be s tudied . 



7. R e a c t o r A n a l y s i s , T e s t i n g , and Me thods D e v e l o p m e n t 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp. 45-66 ( j an 1970). 

a. I m p r o v e d D r o p - r o d Des ign (I. A. Engen , J . K. Long , and 
J . B. Waldo) 

(i) M e c h a n i c a l T e s t s . The ex i s t ing E B R - I I s t a i n l e s s s t e e l 
d r o p rod u t i l i z e s the s t a n d a r d E B R - I I c o n t r o l - r o d s c r a m s y s t e m and a 
s p e c i a l s t a i n l e s s s t e e l c o n t r o l s u b a s s e m b l y . The rod is d r o p p e d by g r a v i t y 
and given a s c r a m a s s i s t by 3 0 - p s i g a i r p r e s s u r e app l ied to a s c r a m - a s s i s t 
cy l inde r at the top of the rod d r i v e . The s c r a m - a s s i s t p r e s s u r e is effect ive 
ove r the full 14- in . d r o p - r o d t r a v e l and a c c e l e r a t e s the d r i v e s y s t e m at 
a p p r o x i m a t e l y 1,2 G ove r the f i r s t 10 in. of rod t r a v e l . In the l a s t 4 in, of 
t r a v e l , the r o d - a n d - d r i v e s y s t e m is g r a d u a l l y d e c e l e r a t e d to r e s t by an o i l -
fil led shock a b s o r b e r . 

To i m p r o v e the qua l i ty of r e s u l t s f rom p h y s i c s s t u d i e s p e r ­
f o r m e d with the r o d - d r o p m e t h o d , it is d e s i r a b l e to r e m o v e the r e a c t i v i t y 
a s s o c i a t e d wi th the rod f rom the c o r e as fast as p h y s i c a l l y p o s s i b l e . A 
s tudy was m a d e to e s t a b l i s h w h e t h e r o r not the effect ive s c r a m t i m e could 
be r e d u c e d without a m a j o r r e d e s i g n of the d r o p - r o d d r i v e s y s t e m . It was 
i m m e d i a t e l y obvious that any l a r g e i n c r e a s e in m a x i m u m rod v e l o c i t y would 
r e q u i r e c o m p l e t e r e d e s i g n of the shock a b s o r b e r and the d r i v e . T h e r e f o r e , 
a me thod was deve loped for r a i s i n g the a v e r a g e rod v e l o c i t y ove r the f i r s t 
10 in. of d r o p wi thout i n c r e a s i n g the m a x i m u m ve loc i t y a p p r e c i a b l y . 

This me thod m a k e s use of a h i g h e r s c r a m - a s s i s t p r e s s u r e 
and a modif ied s c r a m a i r cy l inde r . The a s s i s t p r e s s u r e was r a i s e d f r o m 
30 to 95 p s ig , which i n c r e a s e d the t h e o r e t i c a l a c c e l e r a t i o n f rom 1.2 to 2.6 G. 
P r e s s u r e - r e l i e v i n g p o r t s w e r e loca ted in the wal l of the a i r c y l i n d e r so that 
the a i r - a s s i s t p r e s s u r e could be appl ied for only the f i r s t 3.5 in. of t r a v e l , 
and then the p r e s s u r e would be r e l i e v e d by vent ing to the a t m o s p h e r e . F r o m 
this point on, the rod would cont inue to a c c e l e r a t e due to g r a v i t y (minus f r i c ­
t ion and h y d r a u l i c effects) at a p p r o x i m a t e l y 0.87 G unt i l it e n t e r e d the shock 
a b s o r b e r . Ca lcu la t ions ind ica ted tha t th is s y s t e m would s u b t r a c t at l e a s t 
50 m s e c f rom the 2 1 0 - m s e c d r o p t i m e in the f i r s t 10 in. of t r a v e l of the 
p r e s e n t d r o p - r o d s y s t e m . The m a x i m u m ve loc i t y in the new s y s t e m would 
be i n c r e a s e d by 10%, but the i n c r e a s e d k ine t ic e n e r g y would be offset by t he 
fact that the a i r - a s s i s t p r e s s u r e would no l onge r be ac t ing on the rod whi l e 
it is be ing d e c e l e r a t e d . 

To ve r i fy the a c c u r a c y of the c a l c u l a t i o n s and to d e t e r m i n e 
the feas ib i l i ty of the v e n t e d - c y l i n d e r concep t , a c o m p l e t e m o c k u p of the 
c o n t r o l - r o d - d r i v e s y s t e m was a s s e m b l e d f r o m s p a r e p a r t s of c o n t r o l - r o d 
d r i v e s . The m o c k u p con ta ined a c o m p l e t e a s s e m b l y of a c o n t r o l - r o d u p p e r 
d r i v e , inc luding s c r a m c y l i n d e r , s c r a m c lu tch a s s e m b l y , r a c k d r i v e m o t o r . 
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l i m i t s w i t c h e s , e t c . , as wel l as a s t e e l b i l l e t to s i m u l a t e the weight of the 
r o d - d r i v e e x t e n s i o n and the s u b a s s e m b l y i tself . An e l e c t r i c a l p o w e r -
supply and c o n t r o l cab ine t a l so was f a b r i c a t e d to s impl i fy o p e r a t i o n of the 
d r i v e . 

The m o c k u p was t e s t e d f i r s t with a s t a n d a r d s c r a m cy l i n ­
d e r and 3 0 - p s i g a i r - a s s i s t p r e s s u r e to s e e how c lo se ly it could d u p l i c a t e 
the s c r a m c u r v e s ob ta ined wi th the r e a c t o r d r o p - r o d s y s t e m . The s a m e 
t i m e - v e r s u s - p o s i t i o n r e c o r d i n g s y s t e m was u s e d for the m o c k u p as is 
u s e d in t he r e a c t o r i n s t a l l a t i o n . T a b l e I .D.5 c o m p a r e s t he r e s u l t s f rom 
the two s y s t e m s . 

TABLE I .D.5. Compar i son of Resul t s from Existing and 
Mockup D r o p - r o d S y s t e m s , Using Standard Air A s s i s t 

Exist ing Sys tem Mockup 

10-in. S c r a m T i m e , m s e c 210 200 
Maximum Velocity, f t / s ec 7 7.3 
Maximum Acce le ra t ion , f t / s ec 45 48 
Maximum Dece le ra t ion , f t /sec^ 130 145 

The r e s u l t s i nd i ca t e tha t the mockup s i m u l a t e d the ac tua l 
i n s t a l l a t i o n a c c e p t a b l y we l l . The new s c r a m s y s t e m was i n s t a l l e d on the 

m o c k u p . Th i s c o n s i s t e d of the s p e -
TABLE l .D.6. Resu l t s from Improved cia l ven ted a i r c y l i n d e r , a new a i r 

D r o p - r o d Sys tem a c c u m u l a t o r t ank , and p r o v i s i o n for 
~ the 9 5 - p s i g a i r p r e s s u r e . T a b l e I .D.6 

10-in. S c r a m T i m e , m s e c 150 giv.es the p e r t i n e n t t e s t da t a for the 
Maximum Veloci ty , f t / s ec 8.2 i m p r o v e d s y s t e m . T h e s e r e s u l t s 
Maximum Acce le ra t ion , f t / s ec 85 p r o b a b l y a r e r e p r e s e n t a t i v e of the 
Maximum Dece le ra t ion , f t /sec^ 160 changes that could be e x p e c t e d if 

' the i m p r o v e d s y s t e m w e r e i n s t a l l e d 
in the r e a c t o r . The 10- in . s c r a m t i m e was r e d u c e d 50 m s e c with neg l ig ib l e 
change in the shock load ings appl ied to the s y s t e m c o m p o n e n t s . No m e ­
chan ica l p r o b l e m s w e r e o b s e r v e d . 

S o m e d e t a i l s of the n u m e r i c a l p r o c e d u r e s u s e d to t r e a t t he 

d a t a for rod pos i t ion v e r s u s t i m e a r e as fol lows: 

1. Da ta w e r e s a m p l e d at a r a t e of 200 s a m p l e s pe r s e c ­
ond. A two-po in t a v e r a g e of c o n s e c u t i v e p a i r s of po in t s 
was t a k e n , r e s u l t i n g in a t i m e s e p a r a t i o n of 0.01 s e c . 

2. P o s i t i o n da t a w e r e n o r m a l i z e d to a to ta l rod t r a v e l of 

14 in. 

3. The da t a then w e r e s m o o t h e d twice by a H a m m i n g func­
tion o p e r a t i o n . 

http://giv.es
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Initial points for each drop were selected as 0.02 sec 
pr ior to an indicated total movement of 0.06 in. This 
permits the starting point to be determined in a con­
sistent fashion in spite of noise in the data. 

5. Velocity and acceleration (not plotted) 
by the formulas 

/ e re determined 

(P i+ i -P i - i ) / 2At 

and 

-Pi-2+ 16 P i . i - 30 Pi+ 16 Pi 1+2 )/At^ 

for a dr 

CORE FINAL 
POSITION 

(ii) Physics Design for High Worth. The physics calculations 
op rod based on tantalum have evolved to the point where a design 

for such a rod is being proposed to replace 
the present stainless steel rod. Figure I.D.5 

î j shows the segments of the tantalum and re ­
flective mater ia ls of which this rod is com­
posed, as well as their required lengths, 
spacings, and cross-sect ional a reas . 

UPPER 
FOLLOWER 

LOWER 

ADAPTER 

J. 

"ORIFICE PLATE 

Fig. I.D.5. Arrangement of Materials 
in Proposed Improved 
Drop Rod 

Th i s p a r t i c u l a r d e s i g n was deve loped 
by a c o m p u t e r s u r v e y b a s e d on p a t t e r n s of 
m a t e r i a l w o r t h s ob ta ined by the CANDID-
P E T U L A codes ( t w o - d i m e n s i o n a l d i f fus ion-
p e r t u r b a t i o n t h e o r y ) . The p r o g r a m u s e d for 
the s u r v e y w a s d e s i g n e d to c a l c u l a t e the 
w o r t h s of each h a l f - i n c h i n c r e m e n t of t r a v e l 
of r o d s c o m p o s e d of v a r i o u s l e n g t h s , s p a c i n g s , 
and d e n s i t i e s of s e g m e n t s . A se t of l e n g t h s , 
s p a c i n g s , and d e n s i t i e s is ca l l ed a d e s i g n . If 
the w o r t h i n c r e m e n t s for a d e s i g n f o r m a 
p a t t e r n which m e e t s c e r t a i n c r i t e r i a , the c o m ­
p u t e r p r i n t s the w o r t h of each h a l f - i n c h i n c r e ­
m e n t of t r a v e l and the to ta l w o r t h of 14 in, of 
t r a v e l . If the c r i t e r i a a r e not m e t , t he d e s i g n 
is r e j e c t e d , and the p r o g r a m m o v e s to a n o t h e r 
d e s i g n . The c r i t e r i a which the d e s i g n m u s t 
m e e t a r e : 

1, The first three half-inches of t ravel 
must be worth less than 0,1 Ih each, 

2, The total negative worth of 14 in, of 
travel must be greater than 12 Ih, 
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3, No h a l f - i n c h of t r a v e l m u s t con t r i bu t e a p o s i t i v e w o r t h 
of m o r e than 0.1 Ih, 

4 , T h e l a s t h a l f - i n c h of t r a v e l m u s t b e w o r t h l e s s t h a n 

0 , 1 I h , 

F i n a l s e l e c t i o n of a d e s i g n i s m a d e b y i n s p e c t i o n of t h o s e 

d e s i g n s m e e t i n g t h e a b o v e c r i t e r i a . 

I t w a s f o u n d t h a t t h e f i r s t t h r e e c r i t e r i a c o u l d b e m e t 

e a s i l y b y a d j u s t i n g t h e l e n g t h a n d s p a c i n g of t w o t a n t a l u m s e g m e n t s i n t h e 

l o w e r p o r t i o n of t h e r o d . T h e f i n a l t a i l of t h e w o r t h p a t t e r n c o u l d b e s h a p e d 

t o m e e t c r i t e r i o n n u m b e r f o u r b y a d d i n g t w o a d d i t i o n a l f o l l o w e r s in t h e u p ­

p e r p o r t i o n o f t h e r o d . B e c a u s e t h e s e f o l l o w e r s a r e r e l a t i v e l y f a r f r o m t h e 

c o r e a t t h e b e g i n n i n g of t h e d r o p , t h e i r i n c l u s i o n d o e s n o t d i s t o r t t h e i n i t i a l 

p a r t of t h e p a t t e r n . U p p e r f o l l o w e r s of n i c k e l , s t a i n l e s s s t e e l , a n d t a n t a l u m 

w e r e e x a m i n e d , a n d i t w a s f o u n d t h a t a s h o r t l e n g t h o f s t a i n l e s s s t e e l f o l ­

l o w e d b y a s h o r t l e n g t h of t a n t a l u m w o u l d g i v e t h e d e s i r e d r e s u l t . T h e d e ­

s i g n s h o w n i n F i g . I . D . 5 a c t u a l l y h a s n e g l i g i b l e w o r t h o v e r t h e l a s t I j i n . 

of t r a v e l , h a s a t o t a l w o r t h of - 1 5 . 7 I h , a n d a d e q u a t e l y m e e t s a l l o t h e r c r i ­

t e r i a a s w e l l . B e c a u s e of t h e t a n t a l u m , t h i s n e w d e s i g n w i l l r e d u c e t h e 

r e a c t i v i t y of E B R - 1 1 b y 4 6 I h r e l a t i v e to t h e p r e s e n t s t a i n l e s s s t e e l r o d . 

T h e w o r t h p a t t e r n s u s e d f o r t h e d e s i g n of t h e r o d w e r e 

c h e c k e d a g a i n s t e x p e r i m e n t a l w o r t h p a t t e r n s d e t e r m i n e d w i t h a n E B R - I I 

m o c k u p o n Z P R - 3 . T h e e x p e r i m e n t a l c o m p a r i s o n s i n d i c a t e d t h a t t h e c r o s s -

s e c t i o n s e t c a l c u l a t e d t h e w o r t h o f t h e t a n t a l u m a b o u t 10% t o o h i g h . T h e 

c o r r e c t i o n f o r s e l f - s h i e l d i n g i s a b o u t 20% of t h e t o t a l w o r t h . T h e d e s i g n 

c h o s e n i s b a s e d o n t h e e x p e r i m e n t a l r e s u l t s . 

( i i i ) C o m b i n e d E f f e c t s of t h e N e w P h y s i c s D e s i g n w i t h t h e 

F a s t e r M e c h a n i c a l D e s i g n . F i g u r e I . D . 6 s h o w s t h e e s t i m a t e d r e a c t i v i t y 

c h a n g e v e r s u s t i m e f o r t h e t a n t a l u m d r o p r o d , u s i n g e i t h e r t h e s t a n d a r d 

a i r a s s i s t ( p r e s e n t p i s t o n ) o r t h e n e w a n d 

f a s t e r a i r a s s i s t ( r e d e s i g n e d p i s t o n ) . T h e 

d e c r e a s e of a b o u t 50 m s e c i n o v e r a l l t i m e 

f o r r e m o v a l of t h e g r e a t e r p a r t of t h e r e ­

a c t i v i t y w i t h t h e f a s t e r p i s t o n i s a p p a r e n t . 

A l s o s i g n i f i c a n t i s t h e f a c t t h a t , e v e n if t h e 

r e m o v a l of t h e f i r s t a n d l a s t 0 . 2 I h a r e i g ­

n o r e d b e c a u s e t h e y a r e w i t h i n t h e n o i s e 

l e v e l , t h e r e m o v a l t i m e s t i l l i s r e d u c e d 

f r o m a b o u t 165 t o 150 m s e c b y t h e f a s t e r 
a s s i s t . A l t h o u g h t h i s i m p r o v e m e n t m a y 

s e e m s m a l l , i t i s b a s e d on a n i d e a l i z a t i o n 

° °' TIME.sec"' " ' of t h e w o r t h c a l c u l a t i o n s . P o s i t i v e a n d 

n e g a t i v e e f f e c t s a t t h e b e g i n n i n g a n d e n d 

fig- ••''•6 of t h e d r o p a c t u a l l y m a y n o t c a n c e l a s 
Rcactivity-vs-Time Curves for Tanta- c a l c u l a t e d . T h e f a s t e r m e c h a n i c a l d e s i g n , 
lum Drop Rod with Present Piston and , , , ^ , , j j • r- j • • l u 
with New Fast Design w h i c h h a s b e e n t e s t e d a n d v e r i f i e d , w i l l b e 
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of further advantage, especially if the worth cancellation is less than ideal 
at the beginning of the drop. The 15-msec decrease should therefore be 
regarded as a minimum improvement attributable to the new mechanical 
design, with 50 msec as a maximum. 

b. BEMOD Calculations of a Mark-IA Fuel Element Subject to 
an Overpower Transient ( j . F. Koenig) 

Calculations have been made using the BEMOD program to de­
termine the response of a Mark-IA fuel element that has a 1.8 at. % burnup 
and is subjected to an overpower transient while at 62.5-MWt power. 

The volume swelling of low-swelling (Si > 200 ppm) Mark-IA 
U-5 wt % Fs fuel is assumed to be related by the equation 

AV/V = 0.04 X bu + smaller of (a) 0.07887 (bu - 1.1)^ or (b) 0.7/[ l + (P/279)], 

where AV/V is the fractional increase in the fuel swelling, bu is the burnup 
in at, %, and P is the greater of the fuel-cladding contact p re s su re or the 
plenum pressure . The first t e rm represents the growth of solid fission 
product and the second te rm (a) represents the breakaway swelling. The 
third term (b) represents the compressibil i ty of the breakaway swelling. 
This last term is quite important because it can allow the fuel to compress 
during an overpower transient in which the p re s su re increases . Provisions 
have been made in the program to prevent the fuel from compressing during 
the overpower t ransients . 

As the fuel swells, the bond sodium in the annulus is displaced 
to the volume usually occupied by the gas in the plenum. The resulting de­
crease in the volume of gas in the plenum, along with a slight amount of 
fission-gas re lease , will cause the p ressure in the gas plenum to increase . 
With the present fuel-swelling model, the plenum pressure increases to 
about 2000 psi, which decreases the rate of fuel swelling. At this lower 
fuel-swelling rate, the volume increase due to the cladding creep compen­
sates for additional fuel swelling, and the p ressu re remains essentially 
constant at about 2000 psi. If the power were to increase in an element 
with high plenum p res su re , the bond sodium would be heated and would 
expand at about five times the rate at which the fuel or cladding expands, 
thereby increasing the plenum p re s su re . The increased p re s su re would 
be relieved by fuel compression, elastic cladding deformation, or, if the 
pressure is high enough, by inelastic cladding deformation. For the cal­
culations made, fuel shrinkage was allowed for the case of compressible 
fuel and no fuel shrinkage was allowed for the case of incompressible fuel. 
The overpower transients were obtained from the steady-state BEMOD 
program by assuming quasi -s teady-s ta te conditions. This assumption 
was based on the short residence time (=0.05 sec) of the coolant in passing 



the f u e l - b e a r i n g s e c t i o n of the e l e m e n t , the r e l a t i v e l y s h o r t t i m e c o n s t a n t 
(=0,3 s e c ) of the fuel and c l add ing , and the r e l a t i v e l y s low power add i t ion 
(0 .87o/sec) for a c r e d i b l e ma l func t ion at p o w e r . 

F i g u r e I ,D.7 shows the c a l c u l a t e d i n c r e a s e in p l e n u m p r e s s u r e 
with b u r n u p in a M a r k - I A fuel e l e m e n t conta in ing l o w - s w e l l i n g fuel and an 

a v e r a g e and a h igh s o d i u m l e v e l . The 
c a l c u l a t i o n s w e r e m a d e for the c e n t e r 
e l e m e n t in the INI pos i t ion at 6 2 . 5 - M W t 
p o w e r . F o r the l o w - s w e l l i n g fuel, the 
p r e s s u r e and l eve l of s o d i u m in the gas 

- p l e n u m of the e l e m e n t at 1.8 at . % 
b u r n u p ( m a x i m u m ) a r e such tha t an i n ­
c r e a s e in power would not c a u s e a l a r g e 
i n c r e a s e in p r e s s u r e . F o r p o w e r s as 
h igh as 170% of the n o r m a l p o w e r , the 
p r e s s u r e would i n c r e a s e f rom 120 p s i 
to 270 p s i . Since the s t r e s s e s a s s o ­
c ia ted with t h e s e p r e s s u r e s a r e n e g ­
l i g i b l e , it is conc luded tha t the d e s i g n 
of the M a r k - I A fuel e l e m e n t wi th low 
swel l ing fuel is a d e q u a t e for l a r g e 
o v e r p o w e r s at 1.8 at . % m a x i m u m 
b u r n u p . MAXIMUM BURNUP, Ot. % 

Fig. I.D.7. Calculated Increase in Plenum Pres­
sure and Cladding Strain with Burnup 
of a Mark-IA Fuel Element Contain­
ing Low-swelling Fuel 

BEMOD Modi f i ca t ions 
(C. C. F o r d ) 

• A s u b s t a n t i a l n u m b e r of 
mod i f i ca t i ons h a v e b e e n m a d e in the 

BEMOD code tha t was d e s c r i b e d by J a n k u s . * The m a i n p u r p o s e of t he 
mod i f i ca t i ons h a s b e e n for d i v e r s i f i c a t i o n , g e n e r a l i z a t i o n , and updat ing of 
the p r o g r a m . 

The f i r s t mod i f i ca t ion h a s b e e n the i n c o r p o r a t i o n of a c o m ­
p r e s s i b l e and t e m p e r a t u r e - d e p e n d e n t fue l - swe l l i ng m o d e l tha t can be u s e d 
for both the c o r e and b l a n k e t m a t e r i a l . Th i s m o d e l h a s a m a x i m u m l i m i t 
of gas p r e s s u r e c o r r e s p o n d i n g to an upper l i m i t on fuel c o m p r e s s i o n and 
i n c o r p o r a t e s a p r e s s u r e f ac to r . The equat ion is 

TRIG = XING(N) + B U * Q ( N ) * T F B 1 * E X P ( T F B 2 * ( T F B 3 - TFB(N) )2 ) / 

(1 + ( P / T F B 4 ) * ( 1 - T F B 5 * ( T F B 3 - TFB(N)) ' ) ) , ( l ) 

w h e r e 

TRIG = fuel swe l l i ng , 

XING(N) = i n e x o r a b l e fuel g rowth for fuel s e c t i o n N, 

•jankus, V. Z., BEMOD, A Code for the Lifetime of Metallic Fuel Elements, ANL-7586 (July 1969). 
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BU = b u r n u p , 

Q ( N ) = r a t i o of l oca l l i n e a r power in s e c t i o n N to t he 
a v e r a g e l i n e a r power of the whole fuel r o d , 

T F B ( N ) = a v e r a g e t e m p e r a t u r e of the fuel for s e c t i o n N, 

P = p r e s s u r e be ing e x e r t e d on s e c t i o n N, and 

T F B 
th rough T F B 5 = c o n s t a n t s . 

The c o n s t a n t s for the c o r e h a v e not been r e f ined suf f i c ien t ly as y e t . The 
p r e s s u r e - d e p e n d e n t c o m p r e s s i b i l i t y fac to r [the d e n o m i n a t o r of Eq . ( l ) ] is 
u sed to r e s t r a i n the swel l ing du r ing a p r e s c r i b e d t e m p e r a t u r e i n t e r v a l . 

P r e v i o u s BEMOD c a l c u l a t i o n s h a v e i n d i c a t e d tha t d u r i n g b u r n u p 
the fuel c o m p r e s s e s when the p l e n u m p r e s s u r e i n c r e a s e s due to i n c r e a s e d 
ope ra t i ng t e m p e r a t u r e s . A mod i f i ca t i on of the code p r e v e n t s th i s c o m p r e s ­
s ion to al low d e t e r m i n a t i o n of the m a x i m u m p r e s s u r e bu i ldup d u r i n g t e m ­
p e r a t u r e i n c r e a s e s r e s u l t i n g f r o m p o w e r i n c r e a s e s . 

H a r k n e s s has i m p r o v e d his m o d e l , now an i t e r a t i v e t e c h n i q u e , 
for d e t e r m i n i n g c ladding swel l ing due to n e u t r o n f luence . T h i s u p d a t e d 
v e r s i o n h a s r e p l a c e d h i s p r e v i o u s r o u t i n e in B E M O D . In add i t ion , a 
c l add ing - swe l l i ng da ta fit deve loped by P N L * for a n n e a l e d T y p e 304 o r 
316 s t a i n l e s s s t ee l h a s been p l a c e d wi th H a r k n e s s ' r o u t i n e , wi th t he opt ion 
of us ing e i the r one . P N L ' s equa t ion is 

A V / v = 4.9 X 1 0 - « X (nvt)i- ' i X 10 [ ( 1 . 5 5 x I 0 y T ) - ( 5 . 9 9 X I 0 V T 2 ) ] , (2) 

w h e r e A V / v is the c ladding swel l ing in p e r c e n t and T is t he a v e r a g e t e m ­
p e r a t u r e of the c ladding in °K. 

A plot t ing p r o g r a m which u s e s the C a l c o m p p l o t t e r h a s b e e n 
added to BEMOD. 

Modi f ica t ions a l so h a v e b e e n m a d e tha t give the u s e r t he c a p a ­
b i l i ty to r e a d in c h a n g e - c a s e d a t a ( e .g . , a d i f fe ren t AT for the coo lan t o r a 
h ighe r flux) af ter a spec i f i ed l i m i t h a s b e e n r e a c h e d and to con t inue c a l c u ­
la t ions unt i l a new l i m i t is r e a c h e d . F u r t h e r m o r e , the u s e r now can s t a c k 
two o r m o r e p r o b l e m s for p r o c e s s i n g at one t i m e . 

O the r m i n o r changes h a v e b e e n m a d e involving a few output 
f o r m a t s and con t ro l s t a t e m e n t s to p r o v i d e a b e t t e r - w o r k i n g p r o g r a m . 

Claudson. T., PNL, private communication (Oct 1969). 
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d. P o s t - i n c i d e n t R e c a l l S y s t e m ( j . R. Ka rv inen ) 

T e m p e r a t u r e , flow, and n e u t r o n - f l u x da ta have been logged by 
the p o s t - i n c i d e n t r e c a l l s y s t e m (PIRS) du r ing two r e c e n t s c r a m s . F i g ­
u r e I .D.S i l l u s t r a t e s the i n f o r m a t i o n r e c o r d e d f rom the i n s t r u m e n t e d s u b ­
a s s e m b l y (ISA) du r ing the flrst of t h e s e s c r a m s . * Th i s s c r a m o r i g i n a t e d 
f r o m an i n a d v e r t e n t d i s c o n n e c t of the exc i t a t ion power to p r i m a r y p u m p 
No. 1. Sca l ing f a c t o r s , g iven in e n g i n e e r i n g uni ts in the f i gu re , m a y be 
u s e d for a m p l i t u d e c o n v e r s i o n . With the excep t ion of the ISA flow s e n s o r , 
all channe l s o p e r a t e d s a t i s f a c t o r i l y . The flowmeter r e g i s t e r e d a d e c r e a s e 
to 80% flow b e f o r e the t ape r e c o r d e r r e a c h e d s a t u r a t i o n . H o w e v e r , the flow 
t h r o u g h the ISA a c t u a l l y d r o p p e d to z e r o . The l a r g e amoun t of n o i s e r e ­
c o r d e d a p p r o x i m a t e l y 12 s e c af ter the s c r a m is the r e s u l t of a s p l i c e in the 
m a g n e t i c t a p e . 

The s e c o n d s c r a m was c a u s e d by an e l e c t r i c a l - n o i s e b u r s t tha t 
t r i p p e d the r e a c t o r on a r a t e - o f - c h a n g e - o f - f l o w safe ty c i r c u i t . T h e PIRS 
i n f o r m a t i o n d e m o n s t r a t e d conc lu s ive ly tha t t he flow r a t e , as s e n s e d by the 
flow s e n s o r s of the No. I p r i m a r y pump and the ISA, did not change unt i l 
a f te r the s c r a m . The ISA flowmeter r e g i s t e r e d an i n c r e a s e of 3.2% at 
240 m s e c af ter the t r i p and a r e t u r n to n o r m a l flow 160 m s e c l a t e r . Such 
b e h a v i o r i s e x p e c t e d b e c a u s e s c r a m m i n g of the c o n t r o l r o d s f rom the c o r e 
c a u s e s a m o m e n t a r y 3% i n c r e a s e in back p r e s s u r e which, in t u r n , is m a n i ­
fes ted by an i n c r e a s e in flow th rough the ISA. Such i n f o r m a t i o n is r e a s s u r ­
ing b e c a u s e it i n d i c a t e s tha t the r e s p o n s e t i m e s of the flow s e n s o r and 
r e c o r d i n g s y s t e m a r e a c c e p t a b l y s h o r t . 

O t h e r ISA i n f o r m a t i o n r e c o r d e d dur ing the s c r a m w e r e t e m ­
p e r a t u r e v a l u e s for F C T C 7 , C T C 7 , and CTG3. F o r F C T C 7 , a t i m e c o n s t a n t 
of 3 84 s e c was m e a s u r e d . The changes in the r e a d i n g s for CTC3 and GTC7 
w e r e too s m a l l to p e r m i t an eva lua t ion . The r e c o r d i n g s for t h e s e two t h e r ­
m o c o u p l e s , h o w e v e r , did d i sp l ay e s s e n t i a l l y the s a m e c h a r a c t e r i s t i c s as t h e 
r e c o r d i n g s for F C T C 7 . In no c a s e was a s igni f icant t r a n s p o r t lag noted . 

The r e a d o u t f r o m the ISA s e l f - p o w e r e d ion c h a m b e r r e g i s t e r e d 
a p r o m p t d r o p of 8.5% d u r i n g the s c r a m . Since the output of the c h a m b e r 
depends on the n e u t r o n - a c t i v a t i o n r a t e f o r ' " R h (half - l i fe of '"^Rh = 42 s e c ) , 
the d r o p g ives an a c c u r a t e m e a s u r e m e n t of the p r o m p t - g a m m a c o m p o n e n t . 
By s u b t r a c t i n g b a c k g r o u n d effects af ter a c o m p l e t e '°^Rh decay f r o m the d e ­
cay d a t a , it was shown t h a t the s i g n a l f rom the ion c h a m b e r d e c a y e d wi th a 
4 2 - s e c h a l f - l i f e . The c o n t r i b u t i o n of f i s s i o n - p r o d u c t g a m m a s to the output 
m e a s u r e d 135 s e c a f le r the s c r a m was shown to be a p p r o x i m a t e l y 15%. A 
check was m a d e to c o m p a r e the o p e r a t i n g s e n s i t i v i t y of the c h a m b e r wi th 
the s e n s i t i v i t y r e p o r t e d by the m a n u f a c t u r e r of the c h a m b e r . A s s u m i n g a 
n e u t r o n flux of 2.5 x lO'^ n / c m ^ - s e c at the c h a m b e r l o c a t i o n and us ing the 

*The designations for the prefixes used in Fig. I.D.8 are: CTC-Cladding temperature; FCTC--Fuel-
centerline temperature; ITC--Inlet-coolant temperature; N(T)--Ion-chamber current; and OTC--Outlet-
coolant temperature. 
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N l T l 

GAIN: I 

OFFSET VOLTAGE: 0 

SCALE: 20 M V/OI V 

OTC m 

GAIN: I02 

OFFSET VOLTAGE: 0.0129 V 

SCALE: 10 MV/DI V 

1 3 OF/DI » 

I SA FLUX 

I0"8 AMPERES 

GAIN: 10 

OFFSET VOLTAGE: 0 
SCALE: 20 M V/OI V 

CTC 7 

GAIN: I02 

OFFSET VOLTAGE: 0. 0019 V ff 

SCALE: 20 M V/OI V 

8. 5 O F / D I V 

ITC It 

GAIN: I Q 2 

OFFSET VOLTAGE: 0. 0079 V 
SCALE: 20 M V/OI V 

PUMP m FLOW 

GAIN: 10 

OFFSET VaTAGE: 0 

SCALE: 20 M V/OI V 

I SA FLOW 

GAIN: 10^ 

OFFSET VOLTAGE: 0, 009 V 

SCALE: 50 M V/DI V 

CTC 3 

GAIN: lo2 

OFFSET VOLTAGE: 0. 0151 
SCALE: 20 M V/OI V 

8. 5 Op/Ol V 

FCTC 7 

GAIN: lo2 

OFFSET VOLTAGE: 0.0210 V 

SCALE: 50 M V/OI V 

IG O F / D I V 

^v.mi 

Fig. I.D.8. Output Data from the Instrumented Subassembly during a 
Scram as Logged by the Post-incident Recall System 



manufacturer 's reported sensitivity of 1.2 x 10"^' A/nv, a current of 
3 X 10"' A was expected at 58 MWt. The actual current output, as measured 
with an EG&G Model 920 picoammeter, was 6 x 10"' A. 

e. Data for ISA Sensors during a Reactor Transient 
(J. R. Karvinen) 

Recordings of data from various ISA sensors were made during 
rod drops at 50 MWt in Run 38A. Three tests were conducted. These are 
designated as test numbers 1, 2, and 4 in Table I.D.7, which summarizes 
the ISA readout information. On some occasions, system noise obscured 
temperature data, making it impossible to establish the t ransport lag asso­
ciated with the thermocouple response. Such instances are identified by a 
question mark in the column listing transport lags. 

TABLE I .D.7. Readout of Data from I n s t r u m e n t e d Subassembly 
during 50-MWt Rod Drops in Run 38A 

T e s t 
N u m b e r 

1 

2 

4 

1 

2 

4 

1 

2 

4 

1 

2 

4 

1 

2 

4 

1 

2 

4 

1 

2 

4 

1, 2, 4 

1 

2 

4 

1, 2, 4 

1 
2 
4 

Channel 

2 

2 

2 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

6 

7 

7 

7 

8 

8 

8 

9 

10 
10 

10 

11 

12 

12 

12 

Sensor 

O T C - 5 
O T C - 5 
O T C - 5 

OTC-14 
O T C - 1 4 
O T C - 1 4 

F C T C 3 
FCTC3 
FCTC3 

SWTC3 
SWTC3 
SWTC3 

F C T C 7 
FCTC7 
FCTC7 

SWTC7 
SWTC7 
SWTC7 

FCTC17 
FCTC17 
FCTC17 

ITC4 

SWTC17 
SWTC17 
SWTC 17 

Total Flow 

Ion C h a m b e r 
Ion C h a m b e r 
Ion C h a m b e r 

Offset 
(mV) 

16.55 
16.55 
16.55 

16.33 
16.33 
16.33 

24.39 
24.39 
24.39 

16.20 
16.20 
16.20 

23.26 
23.26 
23.26 

13.92 
13.92 
13.92 

20.7 
20.7 
20.7 

17.4 
17.4 
17.4 

6.125 
6.125 
6.125 

Steady-
s t a t e 
Value 

Cc)^ 

4 0 4 

4 0 4 

40 4 

3 9 8 

3 9 8 

3 9 8 

1326 
1326 
1326 

39 5 
3 9 5 

39 5 

1256 
1256 
1256 

3 4 1 

3 4 1 

3 4 1 

1124 
1124 
1124 

— No chan 
423.7 
423.7 
423.7 

No char 
50 MWt 
50 MWt 
50 MWt 

T r a n s i e n t 
Ampli tude T r a n s i e n t 

( m V ) 

18 X 10-^ 
21 X 1 0 - ' 
18 X 10" ' 

16 X 10" ' 
1 8 . ) X 1 0 ' ' 
16 X 10" ' 

9 5 

1 1 5 

100 

9 
12 

9 

9 5 

115 
9 5 

7 

10 

7 

6 6 
7 8 

70 

ge d> 

14 

22 

14 

ge d 

X 10" ' 
X 10" ' 
X 1 0 ' ' 

K 10" ' 
K 1 0 ' ' 
X. 1 0 ' ' 

X 10" ' 
X 10" ' 
X 10" ' 

X 10" ' 
X 10" ' 
X 10" ' 

X 1 0 ' ' 
X 10" ' 
X 1 0 ' ' 

i r ing d rops 

X 10" ' 
X 10" ' 
5 X 10" ' 

uring d rops 

390'= 
440'= 
410'= 

(=C) 

-4 .3 
-5.0 
-4 .3 

-3 .8 
-4 .4 
-3.8 

-51.0 

-61.0 
-53.0 

-2 .1 

-2 .8 
-2 .1 

-50.0 

-61.0 
-50.0 

-1 .7 

-2 .4 
-1 .7 

-34.0 

-40.0 
-36.0 

-3 .3 

-5 .2 
-3 .4 

-6 .36 MWt 

-7 .17 MWt 
-6 .7 MWt 

T r a n s p o r t 
L a g 

(sec) 

<? 

' 

0 

0 

0 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Total 
T i m e 
(sec) 

51.0 

74,5 
50.0 

51.0 

74.5 
50.0 

51.0 

74.5 
50.0 

51.0 

74.5 
50.0 

51.0 

74. 5 
50.0 

51.0 

74.5 
50.0 

51.0 

74.5 
50.0 

51.0 

74. 5 
50.0 

51.0 

74.5 
50.0 

aAdd 24.5°C for junction t e m p e r a t u r e . 
•jlnBtant d rop ot 220 mV, equivalent to 1.8 MWt. 
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f- P r e d i c t i o n of T e m p e r a t u r e and B u r n u p of B4C of 50% and 90%_ 
E n r i c h m e n t in a S e v e n - t u b e A b s o r b e r - F o l l o w e r C o n t r o l Rod 
(R. K. Lo) "̂  

An a n a l y s i s was m a d e to p r e d i c t the b u r n u p and ax ia l t e m p e r a ­
t u r e d i s t r i b u t i o n in B4G of 50 and 90% e n r i c h m e n t in a s e v e n - t u b e a b s o r b e r -
fol lower c o n t r o l rod when the c l u s t e r is p l a c e d in the following t h r e e p o s i ­
t i o n s : (1) tubes fully i n s e r t e d into the r e a c t o r c o r e , (2) b o t t o m of t u b e s 4 in. 
above m i d c o r e , and (3) b o t t o m of tubes at top of the r e a c t o r c o r e . 

The c e n t r a l tube of the c l u s t e r was c o n s i d e r e d b e c a u s e it is 
l ike ly to be the ho t t e s t one among the s e v e n t u b e s . The r e a c t o r w a s a s s u m e d 
to be o p e r a t i n g at 62.5 MWt. 

F o r the a n a l y s i s , the a b s o r b e r s e c t i o n of the c o n t r o l r od con­
s i s t e d of a s e v e n - t u b e c l u s t e r of B4G, a p p r o x i m a t e l y 36.5 in. long. E a c h 
s t a i n l e s s s t e e l tube had an ou t s ide d i a m e t e r of 0 .625 in. and an i n s i d e d i a m ­
e t e r of 0.55 5 in. E a c h con ta ined a s t a c k of f o u r t e e n 1 - i n . - l o n g , 0. 5 4 9 - i n . -
dia B4C p e l l e t s ; a l | - i n . - I o n g p r e l o a d i n g s p r i n g to p r e v e n t the B4C p e l l e t s 
f rom shift ing when the c o n t r o l rod m o v e d and to p e r m i t B4C g r o w t h ; and an 
8 - in . -h igh s t a i n l e s s s t e e l sh i e ld s e c t i o n to p r o t e c t the uppe r p a r t of the r e ­
a c t o r s t r u c t u r e f r o m r a d i a t i o n . The b a l a n c e of the s p a c e wi th in the t u b e - -
a 9 | - - in . -h igh gas v o l u m e - - w a s used to a c c o m m o d a t e the h e l i u m g iven off 
by n e u t r o n - i n d u c e d t r a n s m u t a t i o n of the b o r o n - 1 0 . E a c h tube w a s a p p r o x i ­
m a t e l y 36.5 in. long, was fi l led with h e l i u m , and had a 0 . 0 3 0 - i n . - d i a s p a c e r 
w i r e w r a p p e d h e l i c a l l y a r o u n d its e x t e r i o r . 

The t h e o r e t i c a l d e n s i t y of n a t u r a l B4C is 2.52 g / c c ; of B4C with 
50% e n r i c h m e n t , 2.45 g / c c ; and of B4C with 90% e n r i c h m e n t , 2,39 g / c c . The 
packing dens i t y was a s s u m e d to be 93%, The t h e r m a l conduc t iv i ty of B4C 
was t aken to be 13,9 B t u / h r - f t - ' ' F and was a s s u m e d to r e m a i n c o n s t a n t . 

At 62 ,5 -MWt r e a c t o r o p e r a t i o n , the r a t e of g a m m a - r a y h e a t i n g 
of s t a i n l e s s s t e e l at the m i d c o r e was t aken to be 29,5 W / c c * The r a t e of 
hea t g e n e r a t i o n due to ( n , a ) r e a c t i o n at the m i d c o r e was t a k e n to be 
35,5 W / c c for B4C with 50% e n r i c h m e n t and 63,8 W / c c for B4C with 90% en­
r i c h m e n t , at a pack ing d e n s i t y of 93%, The r a t e of g a m m a - r a y hea t ing of 
B4C at the m i d c o r e was c a l c u l a t e d to be 9,08 W / c c , 

The ax ia l v a r i a t i o n of h e a t g e n e r a t i o n due to (n , a ) r e a c t i o n and 
g a m m a - r a y hea t ing was t aken f r o m r e s u l t s c o m p u t e d with the DOT 5 
n e u t r o n - t r a n s p o r t c o m p u t e r code ,** 

The d e s i g n flow r a t e of s o d i u m t h r o u g h the c o n t r o l - r o d s u b ­
a s s e m b l y is 61 gpm. A s s u m i n g the flow r a t e of s o d i u m a r o u n d the c e n t r a l 

Guide for Irradiation Experiments in EBR-II, Revision 3 (July 1969), 
Miller, L, B., private communication (Jan, 27, 1970), 
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tube to be 70% of the average and accounting for the variation of flow rate 
with respect to the control-rod positions,* the following rates of sodium 
flow around the central tube were calculated: 

Position of B4C Absorber 

Fully in Core 
4 in. above Midcore 
Top of Core 

R 

Flow 

elative 
(%) 

68 
92 

100 

R a t e 

Actua l 
( g p m / t u b e ) 

4,2 
5.6 
6.1 

The to ta l power of the 6 1 - p i n c o n t r o l - r o d s u b a s s e m b l y is 519 kW, The 
t e m p e r a t u r e of the s o d i u m r i s e s 232°F when the fuel p ins a r e fully i n s e r t e d 
into the c o r e . 

Us ing the i n fo rma t ion given above as input to a h e a t - t r a n s f e r 
c o m p u t e r code , the t e m p e r a t u r e s of the s o d i u m , the c ladd ing , and the B4C 
pe l l e t s with 50 and 90% e n r i c h m e n t at the t h r e e c o n t r o l - r o d pos i t i ons w e r e 
c a l c u l a t e d . The h i g h e s t t e m p e r a t u r e s w e r e found to o c c u r when the B4C 
a b s o r b e r is at the top of the c o r e . It a p p e a r s that the m a x i m u m c e n t e r 
t e m p e r a t u r e of the B4G is about 1000 to 1050°F, which is wel l be low the 
m e l t i n g point ( -3700°F) of B4C. 

P i t n e r of B a t t e l l e N o r t h w e s t L a b o r a t o r y r e c e n t l y r e p o r t e d ex ­
p e r i m e n t a l r e s u l t s cf i r r a d i a t i o n of n a t u r a l B4C in E B R - I I . Af ter s ix m o n t h s 
of i r r a d i a t i o n at t e m p e r a t u r e s of about 1100°F, the f i s s i o n - g a s r e l e a s e was 
about 30% at 1.58 at. % b u r n u p . . 

With a l lowab le s t r e s s of 9400 ps i and 30% f i s s i o n - g a s r e l e a s e , 
the B4C c o n t a i n m e n t tube could s u s t a i n 3.1 at . % b u r n u p for B4C with 50% en­
r i c h m e n t and 1.7 at . % b u r n u p for B4C with 90% e n r i c h m e n t . 

g. R e a c t i v i t y Effect of Rad ia l M o v e m e n t of Nickel R e f l e c t o r in 
E B R - I I ( D . E . M e n e g h e t t i and K. E. P h i l l i p s ) 

The c a l c u l a t i o n s r e p o r t e d in A N L - 7 6 6 1 , pp. 5 5 - 5 6 , w e r e r e ­
pea t ed us ing the 2 2 - g r o u p se t 238. The r e a c t i v i t y effects c a l c u l a t e d in S^ 
and S4 a p p r o x i m a t i o n s a r e -0 .056% A k / k and -0 .059% A k / k , r e s p e c t i v e l y . 

h. Spa t ia l V a r i a t i o n of F lux S p e c t r u m in C a l c u l a t i o n s for S t a i n l e s s 
S tee l D a m a g e (J. H o n e c a m p and G. H. Golden) 

A s e r i e s of c a l c u l a t i o n s is be ing m a d e in which d i f fe ren t c o r r e ­
l a t i ons and m o d e l s a r e being u s e d to deduce s h a p e s of ax ia l flux f r o m 

•Hotter, E., "Higher Worth Control Rod, Task 12," EBR-11 Technical Memo, Transmittal No. 25 (May 29, 1969). 



m e a s u r e d v a l u e s of A D / D and c o r r e s p o n d i n g c o m p u t e d wal l t e m p e r a t u r e s . 
The r e s u l t i n g flux d i s t r i b u t i o n s tend to be m o r e p e a k e d than the to ta l flux 
d i s t r i b u t i o n s g iven by n e u t r o n i c s c a l c u l a t i o n s . Th i s s u g g e s t e d tha t t he 
spa t i a l v a r i a t i o n of the flux d i s t r i b u t i o n wi th e n e r g y m u s t be a c c o u n t e d for 
in r i g o r o u s t r e a t m e n t s of swe l l ing of s t a i n l e s s s t e e l induced by fas t flux. 

To e x a m i n e th is h y p o t h e s i s f u r t h e r , a c a l c u l a t i o n was m a d e to 
e s t i m a t e the r a t i o of the r a t e of d a m a g e p r o d u c t i o n at x / i = 0 .464 to tha t 
at x / i = 0.036 in Row 4 of the E B R - I I c o r e . Group f luxes w e r e t a k e n f r o m 
an r - z d i f fu s ion - theo ry c a l c u l a t i o n for the R u n - 3 1 F c o r e . In th i s c a l c u l a ­
t ion, a s p e c i a l 2 2 - g r o u p c r o s s - s e c t i o n s e t ( JM31F) was u s e d t h a t h a s 0 .125 
l e t h a r g y spac ing for E £ 1.35 M e V . * G r o u p d a m a g e c r o s s s e c t i o n s for i r o n 
w e r e e s t i m a t e d f r o m work of J e n k i n s , * * who used the K i n c h i n - P e a s e m o d e l 
to e s t i m a t e the n u m b e r of s e c o n d a r y d i s p l a c e m e n t s c a u s e d by a p r i m a r y 
knock-on . 

The r a t i o of to ta l flux at x / i = 0.464 to tha t at x / i = 0.036 was 
found to be 1.31. The c o r r e s p o n d i n g r a t i o of to ta l d a m a g e r a t e s , h o w e v e r , 
was computed to be 1.48. This s u p p o r t s the conten t ion tha t c o n s i d e r a t i o n 
should be given to s p a t i a l v a r i a t i o n of n e u t r o n s p e c t r u m in a r i g o r o u s 
t r e a t m e n t of swel l ing of s t a i n l e s s s t e e l induced by fast flux. 

i. A n a l y s i s of a Mixed C o r e ( j , L, Gi l l e te ) 

N e u t r o n i c and t h e r m a l - h y d r a u l i c a n a l y s e s h a v e b e e n m a d e of 
an E B R - n c o r e loading s i m i l a r to tha t in Run 37A, The power l e v e l was 
se t at 50 MWt, and the loading was as shown in T a b l e I ,D .S . The d r i v e r , 

T A B L E I .D.8 . Loading for A n a l y s i s of Mixed C o r e 

Row No. S u b a s s e m b l y N u m b e r s and Types 

1 1 d r i v e r 

2 3 d r i v e r and 3 s t r u c t u r a l e x p e r i m e n t 

3 9 d r i v e r , 2 sa fe ty , and 1 ox ide 

4 11 d r i v e r and 7 oxide 

5 10 d r i v e r , 11 c o n t r o l , 2 ox ide , and 1 s t r u c t u r a l 

6 23 d r i v e r , 5 oxide , and 2 b lanke t 

7 2 o x i d e , 9 s t r u c t u r a l , a n d 2 5 b l a n k e t 

- 1 6 A l l b l a n k e t 

Madell, J, T,, et al.. Analysis of Recent Dosimetry Experiments in EBR-II, Trans. Am. Nucl Soc 12(21 
939(1969). " • _ w , 

Jenkins, J. D., Primary Recoil Atom Spectra and Displacement Damage Cross Sections from ENDF/B Dat, 
(draft submitted to Nucl. Sci. and Eng. for publication). ' ' 



c o n t r o l , s a fe ty , and b lanke t s u b a s s e m b l i e s w e r e of the usua l c o n s t r u c t i o n , 
and the ox ide s u b a s s e m b l i e s w e r e a s s u m e d to h a v e 61 fuel pins con ta in ing 
a m i x t u r e of UO^ and PUO2. 

The n e u t r o n i c s a n a l y s i s was m a d e th rough the u s e of the 
M A C H - I d i f f u s i o n - t h e o r y code .* The m e t h o d of a n a l y s i s was f i r s t to do a 
c o m p o s i t i o n s e a r c h in r a d i a l g e o m e t r y with the f i r s t s ix rows h o m o g e n i z e d , 
the s e v e n t h row as i s , and the r e m a i n i n g rows c o n s i d e r e d t o g e t h e r ( i . e . , a 
t h r e e - r e g i o n p r o b l e m was so lved , with compos i t i on s e a r c h e s m a d e for the 
^'^U in the f i r s t two r e g i o n s ) . The buckl ing (B^) in this p r o b l e m was c o n s i d ­
e r e d to be i ndependen t of both r eg ion and g roup , and was d e t e r m i n e d by the 
r e l a t i o n 

6 2 = 7 1 / H g x t ' 

w h e r e the e x t r a p o l a t e d he igh t (Hgxt) i^ e s t i m a t e d on the b a s i s of p r e v i o u s 
work . The r e s u l t s of th i s p r o b l e m inc lude i n fo rma t ion for deduc ing buck­
l ings in the r a d i a l d i r e c t i o n . 

A s e c o n d MACH-1 p r o b l e m then was r u n with the h o m o g e n i z e d 
c o r e (Rows 1 t h r o u g h 6) and the h o m o g e n i z e d axia l r e f l e c t o r . A k c a l c u l a ­
t ion was m a d e in ax ia l g e o m e t r y , us ing the c o m p o s i t i o n and the t r a n s v e r s e 
buckl ing in the c o r e r e g i o n as d e t e r m i n e d in the p r e v i o u s p r o b l e m and the 
t r a n s v e r s e buckl ing in the ax ia l r e f l e c t o r given by the g r o u p - i n d e p e n d e n t 
equa t ion 

B]. -- 2 .40487R^g^t , 

« 
w h e r e the e x t r a p o l a t e d r a d i u s (Rgxt) i^ e s t i m a t e d f r o m p r e v i o u s w o r k . 
This c a l c u l a t i o n y i e lded g r o u p - d e p e n d e n t buck l ings in the ax ia l d i r e c t i o n , 
which w e r e in t u r n r e a d into the next p r o b l e m , a c o m p o s i t i o n s e a r c h in 
r a d i a l g e o m e t r y wi th the i so tope c o n c e n t r a t i o n s given on a r o w - b y - r o w 
b a s i s . The s e a r c h in th i s p r o b l e m was m a d e only for the u r a n i u m in the 
oxide s u b a s s e m b l i e s so tha t the e n r i c h m e n t n e c e s s a r y for c r i t i c a l i t y could 
be e a s i l y s e e n . 

The t h e r m a l - h y d r a u l i c a n a l y s i s was done with the SNAFU code . 
Th i s code was u s e d b e c a u s e of the v a r i o u s o r i f i c ing opt ions a v a i l a b l e and 
b e c a u s e of i t s ab i l i ty to c o n s i d e r the v a r i o u s kinds of s u b a s s e m b l i e s wi th in 
a r ow independen t ly of each o t h e r . * * 

The power a p p o r t i o n m e n t was d e t e r m i n e d on the b a s i s of the 
f i s s ion i n t e g r a l s and a t o m - n u m b e r d e n s i t i e s in each r eg ion . Th i s a p p o r ­
t i o n m e n t showed tha t a to ta l of 35.162 MWt was g e n e r a t e d in t he d r i v e r 
s u b a s s e m b l i e s , 7.305 MWt in the o x i d e s , and the r e m a i n d e r of the 50 MWt 
in the c o n t r o l , sa fe ty , and b l anke t s u b a s s e m b l i e s . 

* Meneley, D, A,, et al... MACH 1, A One-dimensional Diffusion-theory Package, ANL-7223 (June 1966). 
** Reactor Development Program Progress Reports for November 1969, ANL-7640, pp. 65-66, and for 

December 1969, ANL-7655, pp. 72-73. 



T h e f i r s t t h e r m a l - h y d r a u l i c s p r o b l e m c o n s i d e r e d w a s t h a t of 
t h e m e t a l d r i v e r s u b a s s e m b l i e s . C o o l a n t m a s s - f l o w r a t e s w e r e t a k e n f r o m 
t h e E B R - I I H a z a r d s R e p o r t A d d e n d u m . * T h e r e s u l t i n g m e a n c o o l a n t - o u t l e t 
t e m p e r a t u r e s u n d e r n o m i n a l d e s i g n c o n d i t i o n s w e r e : 

R o w T e m p e r a t u r e ( ° F ) 

1 

2 

3 
4 

5 

6 

8 5 2 . 8 

8 5 2 . 6 

8 6 5 . 5 
8 9 8 . 2 

9 0 6 . 7 
8 8 2 . 4 

T h e s e o u t l e t t e m p e r a t u r e s t h e n w e r e u s e d a s i n p u t t o a d d i t i o n a l 

t h e r m a l - h y d r a u l i c s p r o b l e m s i n w h i c h t h e o x i d e s u b a s s e m b l i e s w e r e c o n ­

s i d e r e d . T h e s u b a s s e m b l i e s w e r e c o n s i d e r e d t o b e o r i f i c e d t o p r o d u c e a 

u n i f o r m o u t l e t t e m p e r a t u r e f r o m a l l s u b a s s e m b l i e s o f t h e r o w , a n d t h e flow 

r a t e s w e r e d e t e r m i n e d a c c o r d i n g l y . T h e m e a n c o o l a n t - o u t l e t t e m p e r a t u r e s 

f o r t h e o x i d e s u b a s s e m b l i e s w i l l of c o u r s e b e t h e s a m e a s t h o s e f o r t h e 

d r i v e r s in t h e s a m e r o w , b u t o t h e r t e m p e r a t u r e s m a y b e e x a m i n e d . 

T a b l e I . D . 9 g i v e s t h e m a x i m u m c l a d d i n g t e m p e r a t u r e , m a x i m u m f u e l t e m ­

p e r a t u r e , a n d p e a k c o o l a n t - o u t l e t t e m p e r a t u r e f o r b o t h t y p e s of s u b a s s e m ­

b l i e s . T h e m a x i m u m f u e l t e m p e r a t u r e s i n t h e o x i d e s u b a s s e m b l i e s w e r e 

d e t e r m i n e d t h r o u g h t h e u s e o f t h e G e n e r a l E l e c t r i c o x i d e - r e s t r u c t u r i n g 

m o d e l , w h i c h p r e d i c t s s o m e w h a t h i g h e r m a x i m u m f u e l t e m p e r a t u r e s t h a n 

o t h e r a v a i l a b l e m o d e l s . T h e p e a k c o o l a n t t e m p e r a t u r e s d i f f e r f r o m t h e 

m e a n c o o l a n t - o u t l e t t e m p e r a t u r e s r e c o r d e d a b o v e b e c a u s e of t h e l o w e r 

m a s s - f l o w r a t e s i n t h e c e n t e r of a s u b a s s e m b l y . T h e s e l o w e r flow r a t e s 

r e s u l t f r o m t h e c a n - w a l l e f f e c t s a n d a r e a n a l y z e d i n t h e F L O D I S T s u b r o u t i n e . 

T A B L E I . D . 9 . C a l c u l a t e d T e m p e r a t u r e s ( ° F ) 

in M i x e d C o r e a t 50 M W t 

R o w 

1 

2 

3 

4 

5 

6 

*Koch, L. J., 

N o . 

£ l i l - . 

Tcool 

8 9 1 . 7 

8 9 1 . 5 

9 0 7 . 7 

9 4 8 . 7 

9 5 9 . 4 

9 2 8 . 9 

D r i v e r s 

' ^ C l a d 

9 3 2 . 7 

9 3 2 . 0 

9 4 6 . 9 
9 8 4 . 8 

9 9 1 . 0 

9 5 5 . 4 

Hazards Summary Report, 

' ^ F u e l 

1 0 4 4 . 7 

1 0 4 1 . 9 
1 0 5 0 . 4 

1 0 7 6 . 3 

1 0 7 0 . 2 

1 0 2 1 , 1 

EBR-n (Adden 

^ C o o l 

_ 
9 1 8 . 0 

9 6 1 . 0 

9 7 2 . 2 

9 4 0 . 2 

:dum), ANL-5719 

O x i d e s 

' ^ C l a d 

_ 
9 7 1 . 6 

1 0 1 0 . 1 

1 0 1 5 . 0 

9 7 5 . 9 

(Addendum 

^ F u e l 

3 4 4 9 . 0 

3 3 0 0 . 6 

3 0 7 2 . 8 

2 6 2 5 . 7 

) (June 1962). 



The temperatures calculated indicate that under nominal con­
ditions no adversely high temperatures are encountered in either type of 
subassembly and that the coolant-outlet temperatures from adjacent sub­
assemblies are not so different as to cause undue thermal bowing effects. 

Each of the thermal-hydraulic problems was solved with an 
overpower factor of 1.25, which increases the reactor power to 62.5 MWt. 
The tempera ture calculations then were repeated for this power level, with 
the coolant flow ra tes remaining at the values calculated for 50-MWt opera­
tion. Table I.D.IO lists the resulting temperatures of interest. (Note that 
the mean coolant-outlet temperature , T^ulk' i^ again the same in the 
dr ivers and oxides.) 

TABLE I.D.IO. Calculated Temperatures (°F) in Mixed Core at 62.5 MWt 

Row No. 

1 
2 
3 
4 
5 
6 

j 

T s u l k 

891.0 
890.8 
906.9 
947.7 
958.3 
928.0 

j . R a t e 

a n d N 

D r i v e r s 

T c o o l 

939.7 
939.4 
959.6 

1010.9 
1024.2 
986.2 

T c i a d 

990.1 
989.2 

1007.8 
1055.2 
1063.0 
1018.7 

of G a m m a - h e a t G 

[ i c k e l R e f l e c t o r s 

T F U C I 

1130.0 
1126.4 
1137.1 
1169.5 
1162.0 
1100.9 

e n e r a t i o r 

( L . B . M 

Tfiulk 

906.9 
947.8 
958.4 
928.0 

I i n E B R 

Oxides 

^Cool 

972.5 
1026.3 
1040.3 
1000.3 

'^Clad 

1038.2 
1086.3 
1092.6 
1044.0 

- I I w i t h S t a i n l e s s 

i l l e r a n d R . E . J a r k a ) 

"^Fuel 

3969.3 
3781.9 
3483.5 
3126.7 

S t e e l 

The rate of energy deposition in the EBR-II core, reflector, 
and blanket regions as a function of radius* is shown in Figs. I.D.9 and 
I.D.IO. The heat-generation ra te , in k W / c m \ is shown for the core mid­
plane, along the top of the core, and 18 cm above the top of the core. 

These results were obtained by first calculating the neutron 
flux as a function of RZ for 22 energy groups. The gamma source rate 
produced by this neutron flux then was calculated and used as the source 
for a 20-energy-group gamma-transport problem. The two-dimensional 
multigroup photon flux was used with gamma-energy absorption coefficients 
to compute the heat-generation rates shown in the figures. The neutron-
transport problem was solved with t ransport cross sections, using the Ŝ  
approximation. The photon-transport problem was solved with P , sca t te r ­
ing in the S(, approximation. 

The compositions of all the subassemblies in each row were 
averaged in computing the atomic densities used for each row in the calcu­
lation. This results in some variation of atomic density from one row to 
the next. The discontinuities in heating rate shown in the figures a re due 
to this variation in atom densit ies. Table I .D.l l l ists the atomic densities 
that were used in the calculations. 
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Fig. LD.9. Rate of Gamma-heat Generation in EBR-II with Four Rows of Nickel 

Fig. I.D.IO. Rate of Gamma-heat Generation in EBR-II with Two Rows of Stainless Steel 



T A B L E I . D . l l . A t o m i c D e n s i t i e s of Ni , F e , C r , and Na 
in the Nicke l and S t a i n l e s s S tee l Re f l ec to r Reg ions 

Nicke l Re f l ec to r S t a i n l e s s S tee l 
C e n t e r U p p e r Lower Re f l ec to r 

0 .00615 
0 .0485 
0.0139 
0.00432 

Ni 
Fe 
Cr 
Na 

0.0703897 
0.0049416 
0.001389 
0.0031553 

0.0384 

0.029 
0.0079 
0.0031553 

0.0239 
0.0399 
0.0196 
0.0031553 

F i g u r e I .D.9 shows the g a m m a - h e a t i n g r a t e in E B R - I I with 
four r o w s of n icke l r e f l e c t o r , as a function of R and Z. F i g u r e I .D.IO 
shows the g a m m a - h e a t i n g r a t e wi th the s t a i n l e s s s t e e l r e f l e c t o r . 

The c a l c u l a t e d va lue for g a m m a - h e a t i n g r a t e at the c e n t e r of 
the r e a c t o r is 75 W / c m ^ The hea t ing r a t e ca l cu l a t ed f rom the c u r v e s in 
the c u r r e n t Guide for I r r a d i a t i o n E x p e r i m e n t s in E B R - I I would be 58 W / c m ' . 
H o w e v e r , the c a l c u l a t e d va lue for the g a m m a - h e a t i n g r a t e in Row 7 is wi th in 
a few p e r c e n t of the v a l u e d e t e r m i n e d by m e l t - w i r e e x p e r i m e n t s , which was 
0.85 + 0.20 W / g of i r o n at 45 MWt.* Th i s is equ iva len t to a g a m m a - h e a t i n g 
r a t e in the s t a i n l e s s s t e e l r e f l e c t o r of 7.32 W / c m ' at 50 MWt, which is i d e n ­
t if ied as the m e a s u r e d va lue in F ig , I ,D.10. The a g r e e m e n t b e t w e e n the c a l ­
cu la t ed and m e a s u r e d va lue is c o n s i d e r e d good. 

The n e u t r o n - t r a n s p o r t p r o b l e m s w e r e n o r m a l i z e d to a to ta l r e ­
a c t o r power of 50 MWt b a s e d on 200 M e V / f i s s i o n . The c e n t r a l f i s s ion r a t e 
was found to be 2.8246 x l O " f i s s i o n s / s e c - * c c . o r 0.970 x l O ' ' f i s s i o n s / s e c - g 
of p u r e " ^ U . (The Guide for I r r a d i a t i o n E x p e r i m e n t s in E B R - I I shows 
0.893 X l O " f i s s i o n s / s e c - g of p u r e " ^ U - - a d i f fe rence of 8.5%.) 

The e igenva lue of the n e u t r o n - t r a n s p o r t p r o b l e m for E B R - H 
with four r o w s of n icke l is 1,07204, This is 5.0% h ighe r than the e i g e n ­
va lue for the s a m e c o r e conf igura t ion (Run 3 I F ) with a d e p l e t e d - u r a n i u m 
b l anke t . If the c o r e loading u s e d in the c a l c u l a t i o n is ad jus ted to c r i t i c a l 
by r e m o v i n g fuel e l e m e n t s at the edge of the c o r e , the n e u t r o n flux wi l l be 
10% h i g h e r . S ince the g a m m a - h e a t i n g r a t e is d i r e c t l y p r o p o r t i o n a l to t he 
n e u t r o n flux, t he g a m m a - h e a t i n g r a t e s shown in F ig . I .D.9 a l so wi l l be 
10% h i g h e r . 

k. F l u x and P o w e r C o n t o u r s in a Typ ica l E B R - I I C o r e Loading 
(L, B. M U l e r , R. E. J a r k a , and P . F u l l e r t o n ) 

F u r t h e r s t u d i e s have b e e n m a d e of the a s y m m e t r y of the flux 
and flssion r a t e in E B R - I I . F i g u r e I . D . l l shows the m i c r o s c o p i c "^U 

*Bloom, E. E., ORNL, private communication (Sept. 22, 1967). 
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f i s s i o n - r a t e c o n t o u r s a t t h e c o r e 

m i d p l a n e i n R u n 2 9 D . T h e p e a k i s 

l o c a t e d a t t h e b o u n d a r y b e t w e e n 

R o w s 1 a n d 2 , a s i s t y p i c a l i n 

r e c e n t c o r e l o a d i n g s . N e a r t h e 

c o r e c e n t e r , p o i n t s o f e q u a l f i s s i o n 

r a t e l i e o n c o n t o u r s a p p r o x i m a t i n g 

c i r c l e s c e n t e r e d o n t h e p e a k . N e a r 

t h e i n t e r f a c e of t h e c o r e a n d b l a n k e t , 

t h e c o n t o u r s t e n d t o a s s u m e t h e 

h e x a g o n a l s h a p e of t h e i n t e r f a c e . 

I n t h e b l a n k e t r e g i o n , t h e c o n t o u r s 

a r e n e a r l y c i r c u l a r , w i t h f o c i a t 

t h e r e a c t o r c e n t e r . 

Fig. I.D.ll. Contour Map of Microscopic 235u 
Fission Rate at Core Midplane in 
EBR-II Run 29D 

F i g u r e I . D . 1 2 * s h o w s t h e 
r a t e of f i s s i o n - n e u t r o n e m i s s i o n 
i n R u n 3 2 B . T h e l a r g e r a s y m m e t r y 

e v i d e n t i n t h i s f i g u r e i s d u e t o v a r i a t i o n s i n t h e a m o u n t of f i s s i l e 

m a t e r i a l in t h e s u b a s s e m b l i e s i n t h e c o r e . 

Fig. LD.12 

Contour Map of Rate of 
Fission-neutron Emission 
in EBR-11 Run 42B 

1- F l u x a n d F i s s i o n - r a t e D e p r e s s i o n in B 7 , A 1 9 , B 3 7 , a n d 

F 3 7 S u b a s s e m b l i e s ( L . B . M i l l e r a n d R . E . J a r k a ) 

F l u x - d e p r e s s i o n f a c t o r s h a v e b e e n c o m p u t e d f o r a n u m b e r o f 
t y p i c a l e x p e r i m e n t a l s u b a s s e m b l i e s b y c o m p a r i n g t h e flux i n e a c h e x p e r i ­
m e n t a l s u b a s s e m b l y w i t h t h e flux t h a t w o u l d b e p r e s e n t i n a d r i v e r s u b ­
a s s e m b l y l o c a t e d a t t h e s a m e p o s i t i o n . 

F i r s t , a n e u t r o n - t r a n s p o r t ( D O T 5) c a l c u l a t i o n w a s m a d e t o d e ­
t e r m i n e t h e s i x - g r o u p flux i n e a c h of t h e s u b a s s e m b l i e s in E B R - I I R u n 3 8 B . 

*A figure (I.D.7) having the same caption was in the Progress Report for Decemher 1969, ANL-76S5, p. 67. 
That figure inadvertently was a repeat of Fig. I.D.6 on the same page of ANL-7655, the contour map of 
low-energy flux in EBR-II Run 32B. 
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Then, a second calculation was made to determine what the flux in each 
subassembly would be if experimental- irradiat ion Subassemblies X054 and 
X05I , located on opposite sides of the core center, were replaced by driver 
subassemblies . A third calculation was performed with the isolated 
experimental- i rradiat ion subassemblies--X057, XO50, X064, XO40, and 
X058--replaced by driver subassemblies. All the problems were run in 
360° XY geometry with cross-sect ion set 23806. 

The ratio of the flux in each experimental subassembly to the 
flux in the driver subassembly replacing it in the core is considered to be 
the flux-depression factor. Table I.D.12 shows a flux-depression factor 
for each of six neutron-energy regions in each subassembly. The table 
also shows the depression in the '̂̂ U fission rate per atom. 

tABlE LD.IZ. Flux- and Fission-rale-depression Factors for EBR-ll Run 38B 

Flux-depression Factor 

Fuel loading Igl , "*U Fission- ^^^^^ j ^^^^ j , „ , 5,„„p , „ jVI 
tvne nt Subassembly Subassembly Environmental rate-depression ^ — 

Sutassembly No ^5^ 239p„ 238u Position Subassemblies' Factor ?.?3 D.821 0.30? 0.111 0.041 0 

6 , X057 0 0 0 2B1 D, 0. I. 0, D, D 0.961 0.70 O.M 0.95 1.01 1.07 1.34 

F37 X051 U 556 1966 3A2 1, 0, C, D, D ,̂ D 0.972 0.83 0.87 0.93 1.02 1.08 1.23 

A„ X050 737 203 80 4C2 D. D, D, L C, D^ 0.995 0.92 0.94 0.96 1.02 1.06 1.19 

A l , X064 939 311 108 4F2 0, D, L D, C, D 1.001 0.94 0.95 0.96 1.03 1.07 1.21 

F3,A X054 1747 553 213 4E1 D' , D^, D, C, 0, t 1.013 L03 0.98 0.97 1.03 1.05 1,13 

F37 X058 1811 581 201 6F1 C, 0, B, B, B, D 1.041 1.05 1.01 0.99 1.04 1.07 1.16 

B37 X(M0 1918 581 180 5B2 0. p ' . C. 0, 0, C 1.019 1.04 0.99 0.97 L03 L06 1.15 

asix subassemblies surrounding the position of interest Icloctaise starting » i lh S/A nearest the center of the core: B •B lanket , C • Control rod; 
0 • Driver D ° - 6 6 i - c n r i c h e 0 dr i .er : D? • 1/2 driver f u e l - 1 / 2 stainless steel; H • Heayil, loaded fueled experimental S/A; and L • t ightly loaded 
fueled experiments or structural S/A. 

The flux-depression factor depends primari ly on the amount of 
fissile and fertile isotopes in the experimental subassembly relative to the 
amount of fissile and fertile material in the dominant driver subassemblies . 
Although the experimental subassemblies contain less fissile material than 
normal driver subassemblies, the more heavily loaded experiments produce 
local peaks rather than depressions in the flux and flssion ra tes . These 
peaks are due to the greater worth of the plutonium relative to the "U in 
the dr ivers and to the smaller amount of '^ 'u , both of which contribute to 
an increase in the average value of T] (neutrons emitted per neutrons 
absorbed). 

The high-energy (>2.23 MeV) flux-depression factor ranges 
between 0.70 in the structural test Subassembly X057 and 1.0 5 in the highly 
enriched Subassembly X058. The high-energy " 'U flssion-rate-depression 
factor ranges between 0.961 in X057 and 1.041 in X058. 

The effect of environment on the flux depression in an experi­
mental subassembly is most obvious in the case of X058, which was located 
on the edge of the core and adjacent to three blanket subassemblies. Since 
the fuel loading in X058 is similar to the fuel loading in X054 and XO40 , the 
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s u b a s s e m b l y would have p r o d u c e d a s i m f l a r flux p e r t u r b a t i o n if it had b e e n 
loca t ed in Row 4 o r 5. It p r o d u c e d a l a r g e r r e l a t i v e flux p e r t u r b a t i o n t h a n 
X 0 5 4 o r XO40 b e c a u s e in Row 6 it t ends to d o m i n a t e i t s e n v i r o n m e n t . T h i s 
s a m e p h e n o m e n a (an u n u s u a l l y l a r g e flux p e r t u r b a t i o n ) a l s o wi l l o c c u r to a 
s m a l l e r d e g r e e in Rows 1 to 5 if t he e x p e r i m e n t a l s u b a s s e m b l y is s u r r o u n d e d 
by s t r u c t u r a l t e s t s u b a s s e m b l i e s . 

T h e s e flux- and f i s s i o n - r a t e - d e p r e s s i o n f a c t o r s a r e a v e r a g e 
va lue s which apply to each e x p e r i m e n t a l s u b a s s e m b l y as a w h o l e . T h e flux 
and f i s s i o n - r a t e p e r t u r b a t i o n is of the o r d e r of 20 to 30% g r e a t e r at the 
c e n t e r of each s u b a s s e m b l y . 

8. D r i v e r F u e l D e v e l o p m e n t (C. M. W a l t e r ) 

a. High B u r n u p E n c a p s u l a t e d I r r a d i a t i o n s 

L a s t R e p o r t e d : A N L - 7 6 6 1 , p . 67 ( j an 1970). 

(i) Ana ly t i ca l B u r n u p R e s u l t s of E n c a p s u l a t e d E l e m e n t s 
(W. N. Beck) 

S e l e c t e d s e c t i o n s of M a r k - I A and M a r k - I I fuel p ins h a v e 
been c h e m i c a l l y ana lyzed for t e c h n e t i u m - 9 9 , and the r e s p e c t i v e fuel b u r n ­
ups have been ca l cu l a t ed . A f i s s i o n - y i e l d va lue of 5.8% was u s e d . The 
burnups of two M a r k - I A e l e m e n t s , BF02 and B F 0 3 , r e p r e s e n t the h i g h e s t 
bu rnup th i s e l e m e n t d e s i g n h a s a ch i eved . The M a r k - I I e l e m e n t s , 20 7 and 
213, w e r e r e m o v e d f r o m i r r a d i a t i o n S u b a s s e m b l y X 0 5 3 for i n t e r i m e x a m i ­
nat ion. The r e s u l t s of the b u r n u p a n a l y s e s a r e as fo l lows: 

E l e m e n t 
Type 

M a r k IA 
M a r k IA 
M a r k IA 
M a r k II 
M a r k II 

E l e m e n t 
N u m b e r 

BF02 
BF03 
B F 0 8 
20 7 
213 

I r r a d i a t i o n -
sub a s s e m b l y 

N u m b e r 

X066 
X 0 6 6 
X 0 5 2 
X 0 53 
X 0 5 3 

M e a s u r e d 
M a x 

B u r n u p 
(at. %) 

3.38 
3.63 
2.54 
3.00 
3.61 

C a l c u l a t e d 
M a x 

B u r n u p 
(at . %) 

3.7 
3.7 
2.7 
3.5 
4.2 

The m e a s u r e d b u r n u p v a l u e s a r e c o n s i s t e n t l y l o w e r than 
the ca l cu l a t ed v a l u e s . F o r the M a r k - I A e l e m e n t s , the m e a s u r e d v a l u e s 
differ by l e s s than 10% f r o m the c a l c u l a t e d o n e s , but the M a r k - I I e l e m e n t s 
show n e a r l y a 20% d i f f e r ence . 
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(ii) Swel l ing of S t a i n l e s s S tee l in M a r k - I I C a p s u l e M a t e r i a l 
(R. V, S t r a i n ) 

Dens i ty d e t e r m i n a t i o n s ( see F ig , I .D.13) of 1-in. s a m p l e s 
of s t a i n l e s s s t e e l c a p s u l e m a t e r i a l s u r r o u n d i n g M a r k - I I E l e m e n t 262 in 
S u b a s s e m b l y X 0 5 3 (burnup ~3.6 at . %) h a v e b e e n m a d e to d e t e r m i n e the 
amoun t of swel l ing of the s t e e l . The capsu l e m a t e r i a l had been i r r a d i a t e d 
to a m a x i m u m to ta l fluence of ~3.1 x 10^^ to ta l nvt. In F ig . I .D.14 a c o m ­
p a r i s o n is m a d e of the p e r c e n t v o l u m e change b a s e d on the dens i t y d e t e r ­
m i n a t i o n s with the p e r c e n t v o l u m e change b a s e d on d i a m e t e r m e a s u r e m e n t s 
m a d e p r e v i o u s l y . (The v o l u m e changes b a s e d on d i a m e t e r m e a s u r e m e n t s 
w e r e ob ta ined by mu l t i p ly ing the d i a m e t e r changes by t h r e e . ) In both c a s e s , 
the v o l u m e changes a r e r e l a t i v e r a t h e r than a b s o l u t e , b e c a u s e the o r i g i n a l 
d i a m e t e r s and d e n s i t i e s a r e b a s e d on r e a d i n g s f rom the upper b l anke t r e ­
gion of t he c a p s u l e . 

DISTANCE FROM BOTTOM OF CORE, 
DISTANCE FROM BOTTOM 

Fig. I.D.14. Volume Change of Capsule 262 from 
Subassembly X053 (total neutron 
fluence - 3.1 x lO^^ n/cm^) 

Fig. I.D.13. Density Profile of Samples from Cap­
sule 262, Subassembly X053 (total 
neutron fluence -3.1 x 10̂ 2 n/cm^) 

The r e l a t i v e l y good a g r e e m e n t be tween the v o l u m e changes 
b a s e d on d i a m e t e r and on dens i t y i n d i c a t e s that the swel l ing of s t a i n l e s s 
s t e e l is i s o t r o p i c and tha t d i a m e t e r m e a s u r e m e n t s a r e a r e l i a b l e m e a n s of 
d e t e r m i n i n g c ladding swe l l ing . 

b. Fue l and Cladding S u r v e i l l a n c e 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp. 67-70 (Jan 1970). 

(i) 7 0 % - e n r i c h e d E x p e r i m e n t s (R. V. S t r a in ) 

Cladding s a m p l e s f rom 7 0 % - e n r i c h e d E l e m e n t 24, S u b a s ­
s e m b l y C-2193S , w e r e e x a m i n e d for ev idence of g r a i n - b o u n d a r y c o r r o s i o n 
o r c r a c k i n g as p a r t of the fuel and c ladding s u r v e i l l a n c e p r o g r a m . Th i s 
s u b a s s e m b l y had been i r r a d i a t e d to a m a x i m u m b u r n u p of 1.5 at . % ( -1 .4 x 
l O " to ta l nvt) in two s t e p s . The e l e m e n t was sub jec t ed to two s o d i u m -
r e m o v a l o p e r a t i o n s , one du r ing the i n t e r i m inspec t ion at 1.2 at . % b u r n u p 



and one after i rradiat ion to 1.5 at. % burnup. The fuel in the subassembly 
was 70%-enriched uranium-fission alloy, which was used to simulate 
62.5-MWt operating conditions for the fuel elements at a 50-MWt power 
level. The maximum cladding temperature of the element was about I040°F 
as opposed to 950°F for a 52%-enriched element in the same position. 

The samples of cladding were examined in the as-polished 
condition after etching in a ferr ic chloride solution (O.l g of FeCl3 in 60 cc 
of lactic acid, 30 cc of HCl, and 10 cc of HNO3) and after electroetching in 
10% oxalic acid. The examination in the as-polished condition following 
etching in ferric chloride solution revealed no evidence of grain-boundary 
corrosion or cracking. The examination following the oxalic acid etch r e ­
vealed a sensitized micros t ruc ture in all the samples except the one from 
near the bottom of the element. Although the sensitized s t ructure was more 
extensive than observed for normal, 52%-enriched elements operated at a 
reactor power of 50 MWt, there were no observable detr imental effects 
from the reactor environment or the sodium-removal operations. There 
were no microstructural changes that could be attributed to the effects of 
the reactor pr imary sodium or the sodium-removal operations. 

(ii) 62.5-MWt Surveillance (A. K. Chakraborty and 
G. C. McClellan) 

Subassembly S-618 was in the reactor during the 62.5-MWt 
run (Run 38A). Calculated maximum burnup for the subassembly was 
1.39 at, %. Table I.D.13 summarizes the fuel-swelling and the fabrication 
data for this subassembly. Post i rradiat ion examination showed that two of 
the three cold-line batches represented in S-618 exhibited fuel swelling 
similar to that shown by past data for Mark-IA fuel operated at 50 MWt. 
The third batch exhibited fuel swelling slightly higher than the other two 
batches, but the swelling is still within the scat ter in swelling values ob­
tained with low-swelling fuel operated at 50 MWt, 

TABLE I,D,13. Summary of Fabrication and 
Irradiat ion Data for Subassembly S-618 

(Burnup: 1.39 at. % max; 1,26 at, % avg) 

Silicon Range of 
Injection- Content Element ^ ^ ^ ^ ^ * ' ' ^ i ' " ^ 

casting of Fuel Number of Burnup 

Total Volume 
uel Swellin 
(AV/v, %) 

Batch No. (ppm) Elements (at. %) Average Range 

14IH 377 2 1.34-1.37 5.54 5.0-6.1 
I15IH 416 21 1.29-1.39 6.40 5.03-7.32 
12IIH 266 8 1.29-1.38 9.40 9.40-10.36 

For subassembly 7.12 
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9. Operation with Failed Fuel (R. R. Smith) 

a. TREAT Simulations of EBR-II Fuel Failures 

Last Reported: ANL-7640, pp. 73-74 (Nov 1969). 

(i) Post i r radiat ion Examination of Element EBR-MF-2, a 
Part ia l ly Bonded EBR-II Driver Element Irradiated in 
TREAT (D. L. Mitchell, R. V. Strain, and D. M. Cheney) 

A flat-topped transient in TREAT, as discussed in ANL-7640 
and in the P rog re s s Reports for Sept 1969, ANL-7618, pp. 65-69, and for 
August 1969, ANL-7606, p. 63, was carried out with test element EBR-MF-2 
in an attempt to evaluate the effects of power operation on an element con­
taining substantial voids in the sodium. The element was bonded in such a 
way that the lower portion of the fuel was completely bonded, the midportion 
was partially bonded, and the upper portion (above midsection) was com­
pletely unbonded. 

Visual examination of the element after irradiation revealed 
no unusual features, and diameter measurements of the element indicated 
that no cladding s t ra in had occurred. Eddy-current bond testing and radiog­
raphy of the element, however, showed that the element had shortened more 
than 1/2 in. and had slumped against the jacket above the midlength of the 
fuel pin. 

Five samples from the element were examined metal lo­
graphically to observe the condition of the fuel and cladding in the bonded, 
partially bonded, and unbonded regions of the element. Microhardness 
measurements also were made of each of the samples; Table I.D.14 gives 
the resul ts of these measurements . Figure I.D.l 5 shows micrographs of 
typical areas of the fuel from the three regions of the element. The fuel in 
the bonded region of the element had an as-cas t s t ructure , and the mic ro ­
hardness indicated that it contained alpha-phase uranium in the alloy. 

TABLE I.D.14. Microhardness of 
Samples from EBR-MF-2 

Sample 

192BI 
192B2 
I92B3 
192B4 
I92B5 

Distance from 
Bottom (in.) 

2i 
5 

6i 
9 

Top 

DPH Microhardness^ 
(500-g load) 

463 

233 
241 
244 
238 

^Average of five measurements . 
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Microstructure of Fuel Pin in 
Fully Bonded Region of Element 

Microstructure of Fuel Pin in Partially 
Bonded Region of Element 

• - %... 

Fig. I.D.15 

Photomicrographs of Fuel from Element EBR-MF-2 
after Transient Irradiation in TREAT. Samples were 
etched in a solution of 0.5 g of EDTA, 5 ml of HNO3, 
10 ml of solo H2O2, and 100 ml of H2O. Mag. 500X. 

flii 
Microstructure of Fuel Pin in 
Unbonded Region of Element 
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The fuel in the partially bonded region appears to have reached a tempera­
ture sufficient to cause the fissium-alloy elements near the grain boundaries 
to go into solid solution in the matrix and the uranium to transform to the 
gamma phase, as indicated by the low hardness for this sample (see 
Table I.D.14). The micros t ruc ture of the fuel in the unbonded region shows 
that melting had begun to occur at the grain boundaries, thus indicating that 
the temperature of the fuel nearly reached 1000°C in that region. Two areas 
of interaction between the fuel and the cladding were found in the samples 
from near the top of the fuel pin. The deepest penetration observed of the 
interaction of the cladding into the fuel was about 0.004 in. The thickness 
of the cladding wall appeared to be reduced by about O.OOI in. in this area. 

The results of this examination show that, although very 
high fuel tempera tures caused slumping of the fuel above the midlength of 
the pin, very little interaction occurred between the fuel and the cladding. 
The fuel pin in the bonded region exhibited no apparent change during the 
test, and the partial bond apparently provided sufficient heat transfer to 
prevent slumping of the fuel. 

10. Physics Mock-up Studies 

Last Reported: ANL-7661, pp. 74-76 (Jan 1970). 

a. EBR-II Cri t ical-assembly Studies (D. Meneghetti) 

Experimental results for ZPR-3 Assembly 60, the first of the 
ser ies of the EBR-II critical assemblies , are reported in Sect. I.A.4, 
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E . E B R - I I - - F u e l F a b r i c a t i o n 

I , Cold Line O p e r a t i o n s (D. L , Mi t che l l ) 

L a s t R e p o r t e d : A N L - 7 6 6 1 , p , 76 ( jan 1970). 

The co ld - l i ne e q u i p m e n t for p roduc ing M a r k - I A fuel e l e m e n t s h a s 
been p laced on a s tandby b a s i s . 

Tab le I . E . I s u m m a r i z e s the p r o d u c t i o n a c t i v i t i e s for J a n u a r y 16 
th rough F e b r u a r y 15, 1970, and for the c u r r e n t y e a r to d a t e . 

TABLE I .E. I . Production Summary for Cold Line 

(All fuel-element production equipment is on standby status) 

1/I6/7O 
through Totals for 
2/15/70 CY 1970 

Mark IA Mark IA 
Subassemblies Fabricated 

With cold-line elements 5 12 
With vendor elements 0 0 

Preirradiat ion Treatment of Vendor Fuel 
Impact bonding of unbonded elements (11,853^) 

Impact bonded, inspected, and accepted 2230 4209 
Impact bonded, inspected, and rejected 91 281 

Total Elements Available for Subassembly 
Fabrication as of 2/15/7O 

Cold-line fuel: Mark IA 
Mark II 

392 
234 

Vendor fuel (Mark IA) 22,645h 

This is the total number of unbonded vendor Mark-IA fuel elements scheduled for 
impact bonding by ANL. All unbonded elements expected have been received at 
ANL. Ten of them have been set aside as his tor ical samples . 
Accepted by FCF verification inspection but not yet approved for general use in 
the reactor . This figure does not include vendor elements that were impact 
bonded by ANL. 

F ive M a r k - I A s u b a s s e m b l i e s conta in ing fuel e l e m e n t s m a d e in the 
cold line w e r e f a b r i c a t e d in the cold l ine dur ing the m o n t h . 

Of the 2321 unbonded vendor e l e m e n t s that w e r e i m p a c t bonded and 
inspec ted dur ing the m o n t h , 2230 w e r e a c c e p t e d . Void s i z e was the p r i m a r y 
cause for r e j e c t i o n . Data r e l a t i n g to the r e c e i p t , i m p a c t bonding , and 
accep tance of t h e s e e l e m e n t s a r e inc luded in Tab le I . E . I . 



93 

The current number (as of February 15) of vendor-fabricated ele­
ments available after verification inspection is 22,645. This figure does 
not include vendor elements impact bonded by ANL. 

The first of prelinninary tests of the equipment for the heat- t reatment 
reclamation of vendor-fabricated fuel were completed, using depleted-
uranium Mark-I elements . For these tes t s , the treatment consisted of 
heating the elements at 660°C for l /2 hr , air quenching (at 20-cfm flow) to 
room tempera ture , heating again at 500°C for l /2 hr , and then air quenching 
(at 20-cfm flow) again to room temperature . Eddy-current t races of the 
sodium bond before heat t reatment, after the treatment at 660°C, and after 
the two cycles of heat t reatment are being compared and evaluated, 

F , EBR-II--Operations 

I, Reactor Plant (G, E, Deegan) 

Last Reported: ANL-7661, pp. 76-78 (Jan 1970). 

F rom January 21 through February 20 the reactor was operated for 
1334 MWd in Runs 39C, 40A, and 40B. The cumulative total of EBR-II 
operation is 32,361 MWd. 

Before the s tar t of Run 39C, the lower-leaky-weld-test subassembly 
was removed from the core . During that run, the ' "Xe and ' "Xe cover-gas 
activities returned to normal equilibrium values. The run was ended on 
January 28 after a cumulated 1371 MWd in all parts of Run 39. 

At the s tar t of Run 40A, rod-drop experiments were conducted at 
500 kW and 50 MWt. After nine days of this run, the reactor scrammed 
because of an indicated high rate of change of primary flow; there was no 
actual flow change. The plug-in components in the rate-of-change ampli­
fier were replaced. During this shutdown, the lower-leaky-weld-test sub­
assembly was returned to the core, in the Row-1 position. Under the 
designation of Run 40B, operation at 50 MWt was resumed, and cover-gas 
activities increased, as predicted, by a factor of about three . 

Fuel handling during the period consisted mainly of the loading 
changes for Run 40A. In addition to the experimental subassemblies r e ­
ported under Sect. I.D.S.a, the following special subassemblies were 
involved. Two vendor-fuel surveillance subassemblies that had been recon­
stituted from previously i rradiated subassemblies were instaUed in the grid. 
The subassemblies removed included the 70%-enriched subassembly, two 
controlled-flow subassemblies , two vendor-fuel surveillance subassembl ies , 
a recycled fuel-surveillance subassembly, and an inner-blanket depleted-
uranium surveillance subassembly. 
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The loading change for Run 40B consisted only of the installation 
of the lower-leaky-weld-test subassembly in place of a standard dr iver -
fuel subassembly. 

2. Fuel Cycle Facility (M. J . Feldman) 

a. Surveillance (M. J . Feldman, J. P . Bacca, and E. R. Ebersole) 

Last Reported: ANL-7661, pp. 79-81 (Jan 1970). 

(i) Post irradiat ion Analysis of EBR-II Fuel (J. P . Bacca) 

(a) Surveillance of Vendor-fabricated Fuel 
(A. K. Chakraborty and G. C. McClellan) 

(l) Fuel-character izat ion Studies 

(A) Subassembly C-221IS. Samples from fuel 
element 24 from irradiated driver Subassembly C-22I1S (0.39 at. % maxi­
mum burnup) were metallographically examined. The element had been 
fabricated by the vendor and heat t reated by ANL. The examinations were 
made to see if there was any evidence of fuel-cladding interactions or of 
cladding degradation which could be attributed to the ANL preirradiat ion 
"remedial" heat treatment that was given to the vendor-fabricated elements 
in this subassembly. The elements of the subassembly had been heat treated 
at 660°C for l-j hr, air quenched to room tempera ture , reheated to 500°G in 
the bonders, and held for 2 hr while being subjected to 500 impacts. The 
purpose of the heat treatment was to remove a texture (preferred orienta­
tion) in the vendor-fabricated fuel elements that had caused dimensional 
instability (axial shortening) during irradiation. 

No evidence of fuel-cladding interaction was 
found; the normal 0.006-in.-thick annulus between the fuel and cladding had 
been retained over the full length of the pin after irradiation to this level 
of burnup. The samples of cladding (Type 304L stainless steel) from this 
element exhibited sensitization (carbide precipitation at the grain 
boundaries) over the entire length of the element. No grain-boundary 
corrosion or cracking, however, was observed in any of the samples . The 
sensitization near the bottom of the element appears to have resul ted from 
the heat treatment, because sensitization has not been observed previously 
in this region with irradiated elements that had been produced by normal 
ANL procedures. This sensitization at the bottom of the element is not 
considered detrimental . Regions of driver-fuel cladding exposed to high 
temperature and flux normally become sensitized during irradiat ion. Such 
sensitization has caused no obvious adverse effects. 
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(b) Post irradiat ion Surveillance (A. K. Chakraborty and 
G. C. McClellan) 

Table l .F . l summarizes the surveillance performed on 
subassemblies received froin the reactor and dismantled in the FCF air 
cell prior to carrying out the indicated postirradiation examination. 
(Results of the examinations are reported in Sect. I.D.8.) 

TABLE l . F . l . P o s t i r r a d i a t i o n Survei l lance P e r f o r m e d 

Subassembly Burnup 
No. P r o g r a m (at. % m a x or nvt) Survei l lance P e r f o r m e d 

C-2173 Extended burnup 1.73 Fuel swell ing; cladding 
s t ra in ing 

C-2176 E.xtended burnup 1.71 Fuel swell ing; cladding 
s t ra in ing 

C-2193S 70%-enr iched fuel 1.5 Meta l lographic examina ­
tion of cladding for 
i r r ad ia t ion - induced changes 
in m i c r o s t r u c t u r e 

X053 Sta in less s t ee l swelling -3 .1 x l O " Density de te rmina t ions on 
(Capsule 262) cladding 

b. Fuel Handling and Transfer (N. R. Grant, W. L. Sales, and 
K. DeCoria) 

Last Reported: ANL-7661, p. 81 (Jan 1970), 

Table I.F.2 summarizes the fuel-handling operations performed. 

c. Experimental Support ( j , P , Bacca, N. R. Grant, V. G. Eschen, 
R. V, Strain, J, W, Rizzie, and C, L, Meyers) 

Last Reported: ANL-7661, p. 82 (Jan 1970). 

Subassembly X075, a Mark-AI9 irradiation subassembly, was 
assembled in the air cell with 18 UNC mixed-carbide capsules from pre ­
viously irradiated Subassembly X033 (calculated maximum burnup of 
6 at. %) and one dunamy element. 

Subassembly X065B, a Mark-B37 irradiation subassembly, was 
sent to the reactor after reassembly in the air cell. It contains 21 helium-
pressur ized s tructural elements previously irradiated in Subassembly X065A 
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to a calculated total fluence of 0.4 x 10^^ nvt, 5 new capsules containing 
temperature monitors, and 11 previously i rradiated dummy elements . 

TABLE I .F .Z. S u m m a r y of F C F Fue l Handling 

1/I6/7O 
through Tota l s for 
2 / 1 5 / 7 0 CY 1970 

Subassembly Handling 

Subassembl i e s r e c e i v e d f rom r e a c t o r 
Dr iver fuel (all types) 4 10 
Exper imen ta l 0 0 
Other (blanket) 1 1 

Subassembl i e s d i sman t l ed for s u r v e i l l a n c e , 
examinat ion , or sh ipment to e x p e r i m e n t e r 

Dr ive r fuel 1 3 
E x p e r i m e n t a l 0 0 
Other (blanket) 1 1 

Dr ive r - fue l e l emen t s to s u r v e i l l a n c e 31 92 
Number fronn s u b a s s e m b l i e s 1 3 

Subassembl i e s t r a n s f e r r e d to r e a c t o r 
Dr iver fuel 

F r o m a i r cel l 2 2 
F r o m cold l ine^ 10 10 

E x p e r i m e n t a l 3 4 

F u e l - a l l o y and Waste Shipments '^ 

Cans to bur ia l ground 0 0 

Skull oxide and g l a s s s c r a p to I C P P 0 0 

Recoverab le fuel alloy to I C P P 
Fuel e l emen t s 1 (17,47 kg 4 (69.76 kg 

of al loy) of al loy) 

Subassembl i e s 3 (17.58 kg 7 (38.13 kg 
o£ alloy) of al loy) 

Nonspecif icat ion m a t e r i a l 0 0 

^Cold- l ine s u b a s s e m b l i e s , following fabr ica t ion and final t e s t s , a r e t r a n s f e r r e d 
e i ther d i r ec t ly to the r e a c t o r or to the s p e c i a l - m a t e r i a l s vaul t s for i n t e r i m 
s to rage until needed for use in the r e a c t o r . 
F igu re outs ide p a r e n t h e s e s is nunaber of sh ipmen t s m a d e . F i g u r e ins ide 
p a r e n t h e s e s is weight of alloy sh ipped. 

Encapsulated Mark-II fuel elements previously i rradiated to 
an accumulated maximum burnup of 4,3 at. % in Subassemblies X029 and 
X053 were loaded into a new subassembly (X071) in the air cell. Also 
loaded into the subassembly were nine new capsules containing Mark-II 
fuel elements fabricated in the FCF cold line. This is a Mark-B37 i r r a ­
diation subassembly. 

A Mark-B6l irradiation subassembly (X068) was assembled 
with 61 new encapsulated Mark-IA driver elements. 
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d. R e a c t o r Suppor t (N. R. G r a n t and V. G. E s c h e n ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , p . 81 (Dec 1969). 

Nine new c o n t r o l - r o d t h i m b l e s and two new s a f e t y - r o d t h i m b l e s 
w e r e f a b r i c a t e d . After be ing t e s t e d and d i m e n s i o n a l l y i n s p e c t e d , they a l l 
w e r e found a c c e p t a b l e for r e a c t o r u s e . 

PUBLICATIONS 

L e a k r a t e T e s t i n g of the E B R - I I R e a c t o r Building 
H. W. B u s c h m a n 

A N L / E B R - 0 0 8 * (October 1969) 

Design P a r a m e t e r s and P e r f o r m a n c e C h a r a c t e r i s t i c s of a M i n i a t u r e 
P r e s s u r e - t r a n s d u c e r S y s t e m Using a F l u i d - f i l l e d Be l lows S e n s o r 

John R. F o l k r o d 
A N L - 7 5 7 4 (October 1969) 

T r a n s i t i o n K i n e t i c s du r ing L i n e a r to P a r a b o l i c Oxidat ion of C h r o m i u m 

R. E . G r a c e * * and T . F . K a s s n e r 
Ac ta M e t . I J , 247-251 ( F e b r u a r y 1970) 

Signal T r a n s m i s s i o n Line wi th Low At tenua t ion and Wide F r e q u e n c y 

P a s s b a n d 

K. G. P o r g e s , W. C. C o r w i n , L . P . B u r k e l , and E . L e w a n d o w s k i 

R e v . Sc i . I n s t r . l i , 138-139 ( J a n u a r y 1970) Note 

Reduc t ion of P r o c e s s i n g L o s s e s in On- l i ne or Off- l ine Acqu i s i t i on of R a n d o m 

Counts a t High R a t e s 
K. G. P o r g e s , C. J . R u s h , and G. E . Caya 

Nuc l . I n s t r . Me thods 78(1), 115-119 (1970) 
M e c h a n i c a l I m p r o v e m e n t s of the E B R - H F u e l Unloading M a c h i n e 

J . B. Waldo 
A N L - 7 5 8 5 (November 1969) 

The E d d y - c u r r e n t F l o w m e t e r : An A n a l y s i s Giving P e r f o r m a n c e C h a r a c ­
t e r i s t i c s and P r e f e r r e d O p e r a t i n g Condi t ions 

D. E , Wiegand 
A N L - 7 5 5 4 (August 1969) 

*One of a senes of "blueback" topical reports prepared by the EBR-11 Project. 
**Purdue University. 



II, OTHER FAST REACTORS--OTHER FAST BREEDER 
REACTORS--FUEL DEVELOPMENT 

A. Irradiation Effects, Mechanical P roper t i es , and Fabricat ion 

I. Swelling in the Dimple Region of Subassembly XA08 (S. D. Harkness) 

Not previously reported. 

The dimples that serve as the points of contact between subassem­
blies are being studied to determine whether they suffer either more or 
less swelling than adjacent a reas . Swelling in the region of the dimple 
might be expected to be different for at least two reasons: 

(1) The dimple is under a compressive s t ress during irradiat ion. 

(2) The dimple area is more cold worked because of the forming 
operation. 

The source of mater ia l for the present study was the hexagonal 
guide thimble of Subassembly XA08, which was i r radiated in EBR-II in 
position 4F2 for a total of 19,280 MWd. The peak midplane fluence for 
this exposure has been estimated as 8.5 x 10^^ n/cm^. A 3-in. section that 
contains the dimple was cut from two flats of the hexagonal can. The 
dimples are located about 1.5 in. from the reactor midplane. To date both 
micrometer and immersion-density profiles of the pieces have been com­
pleted. Transmission electron microscopy is planned for the near future. 

The general result of the micrometer t race was that the face of the 
dimple had been forced almost flat to the wall of the hexagonal can, with a 
resultant depressed area around the edge of the dimple. The distance 
between the top of the dimple and the plate was only 0.002 in., but in the 
unirradiated sample this distance was about 0.017 in. Evidence that the 
subassemblies were pushing against each other with considerable force 
was indicated by the presence of axial gouges along the hexagonal can, 
which were formed during extraction of the subassembly from the 
reactor. 

The density measurements for the two samples showed a small 
but significant reduction in swelling in the region of the dimple. To 
obtain these measurements , the 3-in, section was cut into six l /2 - in . 
pieces. Each piece was electropolished, placed in a water bath, and 
Its density measured. The density resul ts are the average of three 
successive measurements of a par t icular sample. The precision 
within any particular ser ies is about 4 parts in 10,000. To check 
the accuracy of the resul ts , density measurements were repeated 
by a different operator on a different day. These resul ts indicated 
that an uncompensated constant e r ro r occurs in the measurement . 



which could s t e m f r o m c h a n g e s in ba th t e m p e r a t u r e or the l eve l of w a t e r 
within the ba th . The fact that the shape of the dens i ty c u r v e was r e p r o ­
duced is c o n s i d e r e d s igni f icant . F i g u r e I I .A. l i s p r e s e n t e d to e m p h a s i z e 
that the p r e s e n c e of the d imp le r e d u c e d the swel l ing . Whether th i s r e d u c ­
t ion in swel l ing is due to the cold w o r k c r e a t e d dur ing the fo rming o p e r a ­

t ion or the app l i ca t ion of s t r e s s 
dur ing i r r a d i a t i o n cannot be s t a ted a t 
t h i s t i m e . T r a n s m i s s i o n e l e c t r o n 
m i c r o s c o p y should he lp to d i s t i n g u i s h 
be tween t h e s e p o s s i b i l i t i e s . 

T -m' 

s 

EXPECTED CURVE 

WITHOUT DIMPLE 

M e c h a n i c a l P r o p e r t i e s of 
Cladding M a t e r i a l s (F . L. Yaggee) 

L a s t R e p o r t e d : 
86 ( Jan 1970). 

A N L - 7 6 6 1 , 

INCHES ABOVE MIDPLANE 

Fig. II.A.l. A Comparison of Expected and 
Measured Density Changes in 
the Dimple Region of a Guide 
Thimble Irradiated in EBR-II 

The c r e e p a p p a r a t u s p r e v i ­
ous ly men t ioned in ANL-7661 has b e e n 
a s s e m b l e d and c a l i b r a t e d . The f i r s t 
c r e e p t e s t is in p r o g r e s s at 550°C and 
25,000 ps i s t r e s s , and is being con ­
ducted in the a b s e n c e of c y c l o t r o n 
r a d i a t i o n . The 0 . 0 0 7 - i n . - t h i c k . 
Type 304 s t a i n l e s s s t ee l s p e c i m e n 
(HT 890810) is i den t i ca l to s p e c i m e n s 
that wil l be used in the c y c l o t r o n 
e x p e r i m e n t s . After 330 hr the p r e ­

l i m i n a r y da ta i nd i ca t e an a p p a r e n t s t e a d y - s t a t e c r e e p r a t e of about 
2 3 X 10-^ h r - ' Th i s t e s t will be t e r m i n a t e d at the f i r s t s igns of t e r t i a r y 
c r e e p or at about 450 hr , w h i c h e v e r o c c u r s f i r s t . M o r e de t a i l ed i n f o r m a ­
tion r e g a r d i n g the c r e e p t e s t wiU be p r e s e n t e d when the e x p e r i m e n t a l da ta 
a r e ana lyzed . 

3. Sur face Defec t s as F a i l u r e Si tes in Type 304 S e a m l e s s S t a i n l e s s Steel 

F u e l - c l a d Tubing (F . L. Yaggee) 

L a s t Repo r t ed ; A N L - 7 6 6 1 , p. 86 (Jan 1970). 

B iax i a l c r e e p t e s t s have b e e n in i t i a t ed o n a r t i f i c i a l l y defec ted , 
t h i n - w a l l . Type 304 s t a i n l e s s s t ee l t ubes at 650°C and c a l c u l a t e d n o m i n a l 
hoop s t r e s s e s of 7500, 10,000, 15,000, and 20,000 ps i . Twenty - four s p e c i ­
m e n s d iv ided into four g r o u p s of s ix s p e c i m e n s each wil l be t e s t e d . E a c h 
g roup is be ing c r e e p t e s t e d at a c o m m o n t e m p e r a t u r e and one of the four 
n o m i n a l hoop s t r e s s e s . Each g roup con ta ins s p e c i m e n s with i d e n t i c a l 
a r t i f i c i a l de fec t s both with r e g a r d to loca t ion and to o r i e n t a t i o n s with 
r e s p e c t to the longi tud ina l tube a x i s . The p u r p o s e of the t e s t s is to 
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determine whether test temperature and applied s t ress can influence the 
effect of artificial defects on rupture ductility. 

After 17.2 hr, a rupture occurred in one specimen in the group of 
six specimens s t ressed at 20,000 psi (spec. 6AD4I) at a diametral s t ra in 
of about 17%. This specimen had an artificial defect located on the bore 
at midlength, oriented 45° to the longitudinal axis; however, the rupture 
occurred away from the defect. Since this portion of the specimen was 
hotter (estimated temperature gradient greater than IO°C), it is possible 
that the failure at this location is a tennperature effect. It is significant, 
however, that the cross-sect ional wall area at the point of rupture (based 
on inside- and outside-diameter imeasurements before testing) was about 
1.8% smaller than the area at the defect site. Another alternative is that 
the 45° orientation of the defect reduces its effect on rupture ductility 
(AD/DO at defect site was 11.6%). No failures have occurred in specinnens 
being creep tested at 7500, 10,000, and 15,000 psi hoop s t r e s s after UO hr 
of testing. Specimen strains in the latter specimens range from about 
0.35% at 7500 psi hoop s t ress to about 5% at 15,000 psi hoop s t r e s s . 
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lU. GENERAL REACTOR TECHNOLOGY 

A. Appl ied and R e a c t o r P h y s i c s Deve lopmen t 

1. T h e o r e t i c a l R e a c t o r P h y s i c s - - R e s e a r c h and Deve lopmen t 

a. T h e o r e t i c a l R e a c t o r P h y s i c s 

(i) R e a c t o r C o m p u t a t i o n and Code Deve lopmen t ( B . J . Toppe l ) 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp . 88 -92 (Jan 1970). 

(a) The ARC S y s t e m . The ARC s y s t e m p r o d u c t i o n c a t a ­
loged p r o c e d u r e ARCSP004 for b u r n u p has b e e n r e v i s e d to s impl i fy i t s u s e . 
In p a r t i c u l a r , the s y m b o l i c p a r a m e t e r s r e l a t e d to c o m p o s i t i o n c r o s s s e c ­
t i o n s , f l uxes , and p o w e r - n o r m a l i z e d r e g i o n f luxes for the s econd t h r o u g h 
fifth t i m e s t e p s have b e e n e l i m i n a t e d . An i n t e r n a l - u s e r m e m o r a n d u m 
d e s c r i b i n g the new p r o c e d u r e h a s b e e n d i s t r i b u t e d . 

A n o n a s s e m b l e r l anguage v e r s i o n of the POINTR s u b ­
rou t ine for m a n a g e m e n t of d y n a m i c da ta s t o r a g e has b e e n p r e p a r e d and is 
be ing u s e d m a s t a n d - a l o n e v e r s i o n of the MC^ code . This a l l - F o r t r a n 
v e r s i o n of P O I N T R wil l f ac i l i t a t e code exchange wi th n o n - I B M / 3 6 0 u s e r s . 

(il) MC^ Capab i l i t y in the ARC S y s t e m . The four m o d u l e s 
CSIOOl, CSCOOl, CSC002 and CSC003 which r e p r e s e n t the MC^ capab i l i t y 
in the ARC s y s t e m tha t have b e e n v a r i a b l y d i m e n s i o n e d (see T a b l e III .A. I, 
p . 90, ANL-7661) a r e be ing i n c o r p o r a t e d into a s t a n d - a l o n e o v e r l a y e d code 
p a c k a g e , be ing deve loped for the de facto t o m p u t e r Code C o o r d i n a t i o n 
C o m m i t t e e . The c o m m i t t e e wan t s the M C ' code capab i l i t y to execu te m 
45K of 64 -b i t w o r d s and p r o d u c e the i n t e r f ace M U L T I G R P wh ich wil l con­
t a in the m i c r o s c o p i c g roup c r o s s s e c t i o n s . The l i m i t a t i o n of 45K w o r d s i z e 
wi l l s e v e r e l y l i m i t the type of p r o b l e m tha t can be r u n . The MC code m 
the s t a n d - a l o n e p a c k a g e wi l l r e q u i r e 25K w o r d s for code and f ixed-
d i m e n s i o n e d q u a n t i t i e s , and th i s l e a v e s 20K w o r d s for the c o n t a i n e r a r r a y 
p lus the buffer a r e a s . P r o b l e m s of i n t e r e s t to code u s e r s wil l r e q u i r e a 
c o n t a i n e r a r r a y of f r o m 40 -60K w o r d s . 

The ARC m o d u l e s S N I F F * and P9*INTER** a r e be ing m o d i ­
fied so tha t t hey m a y be i n t e g r a t e d into th i s s t a n d - a l o n e MC^ code p a c k a g e . 

• * 

*Just, L. C a n d Sparck, S. D.. The ARC System. Applied Mathematics Division ANL Technical 

Memorandum No. 157 (May 1, 1968). 
^Kennedy A S A Dynamic Storage Allocation Program, Applied Mathematics Division ANL Technical 
Memoraridum No. 98 (February 28, 1967). Kennedy, A. S.. Corrections to PglNTR for LCS, Applied 
Mathematics Division, ANL Technical Memorandum (lanuary 28, 1969). Henryson, H. and Toppel. B. J.. 
Modifications to BP(ZINTER-A Dynamic Storage Allocation Program Utilizing Bulk Memory, 
October 6. 1969 (Internal Memorandum). 
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Both of these modules taken out of the ARC environment and modified in 
this way will lose some of their flexibility and usefulness. 

(iii) Fuel-cycle Calculations for Fast Reactors in ARC 
(B. J. Toppel and L. J. Hoover) 

The fuel-cycle package has been christened REBUS, an 
acronym for REactor BUrnup System. A catalog procedure for STP004, 
a nonmnemonic name for REBUS, has been written, debugged, and is now 
available to u s e r s . With the exception of the rea l - t ime accounting, REBUS 
has been debugged and is ready for user testing. A report with a thorough 
description of the capability, the method, and the code is being prepared 
for release. 

Representative running t imes on the System 360 Model 75 
for REBUS are given in Table III.A.1. By means of REBUS, the equilibrium 
conditions for two typical 1000-MWe, oxided-fueled reac tors were com­
puted in 2-dimensionaI geometry. One of these reac tors has a higher 
core-to-blanket leakage fraction than the other. The burn time was divided 
into two subintervals; fluxes were computed, therefore, at three time nodes. 
The burn time was adjusted to achieve a core-average burnup of 
100,000 MWd/T at discharge. Feed enrichment was varied to obtain a cr i t i ­
cal system at the end of cycle. Control densities were fixed at cycle-
averaged values. DIF2D was used for the neutronics solution. 

TABLE III.A. 1. Representative Running Times for REBUS 

Reactor 

Design I 
18-in. core heigiit; 
924 mesh points 

r - z 

42 X 22 
42 X 22 
42 X 22 

Groups 

6 
7 
8 

T: 

C P U 

55 
62 

69 

Lme (min) 

Wait 

18 
18 
20 

Total 

73 
80 

89 

ime / 
D1F2D 

Outer I terat ion 
(sec) 

19 
21 
23 

20 125 39 

Design II 
36-in. core height; 
486 mesh points 

27 X 18 
27 X 18 
27 X 18 
27 X 18 

22 
22 
26 
36 

12 
12 
13 
14 

34 
34 

39 
50 

11 
12 
13 
17 

Computation t imes for the two designs with different 
numbers of neutron groups are shown in Table III.A. 1. If 8 neutron groups 
are used, the sequence of calculations burnup -» neutronics solution r e ­
quires 3.5 min for the 18-in. core with 924 mesh points and 1.6 min for 
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the 36 - in . c o r e wi th 486 m e s h p o i n t s . T h e s e a r e a v e r a g e t i m e s ove r the 
whole e q u i l i b r i u m c o m p u t a t i o n . Of th i s t i m e , the bu rnup m o d u l e u s e s l e s s 
than 10%. Note tha t the p r o b l e m s w e r e r u n in r - z g e o m e t r y ; h o w e v e r , the 
n e u t r o n i c s so lu t ion t i m e w a s d e c r e a s e d by 5% us ing z - r g e o m e t r y . 

(iv) R e a c t o r C o m p u t a t i o n s . Computa t ion of e l a s t i c - s c a t t e r i n g 
t r a n s f e r c r o s s s e c t i o n s has b e e n i n c o r p o r a t e d into the R A B B L E code . 
The e l a s t i c - s c a t t e r i n g c r o s s s ec t i on for n e u t r o n s be ing s c a t t e r e d f r o m 
b r o a d g r o u p I to b r o a d g roup J by nuc l ide k is 

du P k ( u - " ' ) 2^s, ( u ' ) * (u ' ) du ' 

2 s , . ( I ^ J ) 
^ J - 1 " l - l (1) 

Sk' ' j^i 

I 0(u ' ) du' 

-^>^I-1 

w h e r e P k ( u - u ' ) , the p r o b a b i l i t y p e r uni t l e t h a r g y tha t a n e u t r o n is s c a t ­

t e r e d f r o m l e t h a r g y u ' to u, is given by 

P w ( u - u ' 

^ — e - ( ^ - " ' ) for u - u ' £ e j ^ 
I - a '̂  (2) 

0 o t h e r w i s e ; 

h e r e e, i s the m a x i m u m l e t h a r g y open p e r co l l i s i on . In R A B B L E , a b r o a d 
g roup is d iv ided into t h o u s a n d s of v e r y n a r r o w fine g r o u p s of equa l l e t h a r g y 
wid th . Hence , E q . (1) b e c o m e s 

2 „ ( I - J 

Nl 

y P k ( n , J ) Z s k K ) * K ) 

n=i 

Sk' ' N T 
(3) 

1 
w h e r e Nj i s the n u m b e r of fine g r o u p s m b r o a d g r o u p I and P k ( n , J ) is the 
p r o b a b i l i t y of a n e u t r o n be ing s c a t t e r e d f r o m fine g roup n into b r o a d 
g roup J in a s c a t t e r i n g c o l l i s i o n wi th nuc l ide k. The f o r m of P k ( n , J ) d e ­
pends upon the d i f f e rence in l e t h a r g y b e t w e e n fine g roup k and the 

*Kier. P. H.. and Robba. A. A.. RABBLE. A Program for Computation of Resonance Absorption in Multiregion 
Reactor Cells, ANL-7326 (1967). 



104 

b o u n d a r i e s of b r o a d g r o u p J . I t c a n h a v e t h e f o l l o w i n g f o r m s , w h e r e Uji 

i s t h e l o w e r l e t h a r g y of t h e f i n e g r o u p a n d A u i s i t s w i d t h : 

I . If u j > Uj^ + e , 

P k ( n , I ) = 1. ( 4 a ) 

I I . If u j =;Uj^ + e , 

^Ur, +A U TUJ 

P k ( n , I ) A u = j - i - / d u ' I d u e - ^ " - " ' 
I - a 

[ A u - e - ( " I - " n ) ( e A - - I ) ] . ( 4 b ) 

III. If Uj < u„ + ej^, 

^ J - 1 ^'^n 

[ e - ( " J - l - " n ) . g - ( u j - U n ) ] . (4c) 

IV. If u j _ ^ < u n + ej^, Uj > u ^ + ey.. 

/"Un+Au r u ' + e 

Pk(n , J )Au = p i ^ / du ' / du e 

^Un - ^ " J - l 

( e ^ " - I) - ( u j . 1 - uji) a A u 
1 - a '̂  " 1 - a • (4d) 

V. If u j . 1 < u„ + ej^, 

Pk (n , J ) = 0. (4g) 
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B. R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 

1. F u e l s and C l a d d i n g s - - R e s e a r c h and Deve lopmen t 

a. B e h a v i o r of R e a c t o r M a t e r i a l s 

(i) F u e l B e h a v i o r 

(a) S o l i d - f i s s i o n - p r o d u c t Swell ing 
(A. E . Dwight and D. R. O 'Boyle ) 

L a s t R e p o r t e d : ANL-7640 , pp . 98 -99 (Nov 1969). 

P r e v i o u s w o r k by B r a m m a n et a l . * and by O 'Boyle 
et a l . * * h a s shown tha t the whi t e , m e t a l l i c f i s s i o n - p r o d u c t i n c l u s i o n s ob-
I ^ r v e d in UOj-PuO^ fuel i r r a d i a t e d in a f a s t - n e u t r o n flux have a c l o s e -
p a c k e d h e x a g o n a l c r y s t a l s t r u c t u r e , and have a wide r a n g e of so l id so lub i l i ty 
for m o l y b d e n u m , r u t h e n i u m , and r h o d i u m . An i s o t h e r m a l s e c t i o n t h r o u g h 
the M o - R u - R h s y s t e m at I I40°C e s t a b l i s h e d the so l id so lub i l i ty l i m i t s of 
the M o - R h e p s i l o n p h a s e , and the ad jacen t Mo + e and e + Rh t w o - p h a s e 
r e g i o n s . 

Since the m e t a l l i c in­
c lu s ions a r e c o m m o n l y s e e n 
in the m i x e d - o x i d e fuel at 
t e m p e r a t u r e s above I I40°C, 
add i t iona l X - r a y d i f f rac t ion 
s t u d i e s w e r e c a r r i e d out to 
e s t a b l i s h the p h a s e r e l a t i o n s 
at a h ighe r t e m p e r a t u r e . R e ­
cent w o r k wi th add i t iona l 
a l loys and at h ighe r annea l ing 
t e m p e r a t u r e s h a s r e s u l t e d in 
the 1525°C i s o t h e r m a l s e c t i o n 
(see F i g . I I I . B . I ) . The e -
p h a s e f ield shows an i n c r e a s e d 
so l id so lub i l i ty for m o l y b d e n u m 
and r h o d i u m ( c o m p a r e d w i t h 
the 1140°C i s o t h e r m a l s e c t i o n ) , 

Fig. in.B,l, Mo-Ru-Rh Isotherm at 1525°C and the s i g m a p h a s e t is 

O SINGLE PHASE '"J 

s TWO OR THREE 

PHASES 

** 

'Bramman. I, I.. Sharpe. R. M,. Thom. D.. and Yates, G,, Metallic Fission-product Inclusions in Irradiated 

Oxide Fuels. J. Nucl, Mater, 25. 201 (1968). 
'O'Boyle. D. R.. Brown, F. L., and Sanecki, I. E,. SoUd Fission Product Behavior in Uranium-Plutonium 
Oxide Fuel Irradiated in a Fast Neutron Flux. I. Nucl. Mater. 29. 27 (1969), 

t Anderson. E,. and Hume-Rothery. W.. The Equilibrium Diagram of the System Molybdenum -Ruthenium. 
J. Less-Common Metals2- 443 (I960). 
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p r e s e n t i n t h e M o - R u b i n a r y s y s t e m . A s m a l l a m o u n t of r h o d i u m c a n b e 

s u b s t i t u t e d f o r r u t h e n i u m i n t h e s i g m a p h a s e . 

T h e l a t t i c e p a r a m e t e r s of t h e e - p h a s e w e r e m e a s u r e d 

o v e r t h e e n t i r e s i n g l e - p h a s e r e g i o n . T h e l a t t i c e p a r a m e t e r s a^ ( s e e 

F i g . I I I . B . 2 ) a n d CQ ( s e e F i g . I I I . B . 3 ) i n c r e a s e a s t h e m o l y b d e n u m c o n t e n t 

i n c r e a s e s , b u t CQ i n c r e a s e s m o r e r a p i d l y t h a n ag. L a t t i c e p a r a m e t e r s of 

t h e b i n a r y M o - R h e - p h a s e w e r e t a k e n f r o m P e a r s o n ' s h a n d b o o k of l a t t i c e 

s p a c i n g s . * 

Fig. III.B.2 

o 
Lattice Parameter a (A) of the 

0 ' 
Mo-Ru-Rh £ Phase, Annealed 
at 1525°C 

Fig. III.B.3. Lattice Parameter c^(R) of the Mo-Ru-Rh 
Phase, Annealed at 1525°C 

A p p r o x i m a t e m e l t i n g 

p o i n t s w e r e d e t e r m i n e d f o r a 

s e r i e s of a l l o y s i n w h i c h t h e r u ­

t h e n i u m c o n t e n t w a s 60 a t . % 

( s e e F i g . I I I . B . 4 ) , a n d f o r t h e 

a l l o y s e r i e s r a n g i n g f r o m 

50 a t . % M o - 5 0 a t . % R h t o 

100 a t . % R u . T h e s o l i d u s p o i n t 

w a s e s t i m a t e d b y o b s e r v i n g t h e 

f i r s t f o r m a t i o n of l i q u i d o n 

h e a t i n g , w h e n t h e s p e c i m e n w a s 

r e s t i n g o n a r e s i s t a n c e - h e a t e d 

t u n g s t e n s t r i p . T e m p e r a t u r e s 

w e r e m e a s u r e d w i t h a n o p t i c a l 

p y r o m e t e r a n d t h e m e l t i n g e x ­

p e r i m e n t w a s c a r r i e d o u t i n a n 

a r g o n a t m o s p h e r e . T h e w h i t e 

m e t a l l i c i n c l u s i o n s f o u n d i n 

i r r a d i a t e d U O ^ - P u O ^ , w h i c h a r e 

Pearson, W. B.. Handbook of Lattice Spacings and Structures of Metals. Pergamon Press (1967). 



the M o - R u - R h e - p h a s e wi th s o m e t e c h n e t i u m and p a l l a d i u m in so l id s o l u ­
t ion, p r o b a b l y have a m e l t i n g point tha t r a n g e s be tween 2000 and 2300°C. 
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Fig. IILB.4 
Approximate Melting Tem­
peratures of Mo-Ru-Rh Alloys 
with 60 at. '^0 Ruthenium 

alXRh 60Ru-40Rh 

(b) Migration of Major Fuel Constituents (R. Natesh and 
D. R. O'Boyle) 

Last Reported: ANL-7606, pp. 95-96 (Aug 1969). 

The radial redistribution of plutonium in a specimen 
from fuel element SOV- I was studied by means of a shielded electron 
microprobe. The fuel element contained UO,-20 wt % PuO, (fully enriched 
uranium) and had an initial smear density of 80% of theoretical . The fuel 
element was i rradiated in EBR-II to a burnup of about 5.0 at. % in two 
mcrements burnup (of 3.6 at. % at a peak linear power rating of 20^1 kW/ft 
in Subassembly XOU, and burnup of 1.4 ^t. % at an estmiated peak linear 
DOwer rating of 19.5 kW/ft in Subassembly X039). Metallographic study 
of the fuel element indicated that the fuel operated with a molten center 
during the first period m the reactor, and operated in the solid state 
during the second period m the reactor (see Progress Report for 
October 1969, ANL-7632, pp. 109-110). The specimen examined m the 
microprobe was a t ransverse cross section located l /2 m. from the bottom 
of the fuel element. Simultaneous measurements were made of uraniurii 
and Plutonium along a radii at intervals of about 0.7 mil. The measured 
X r a i t t e n s i t i e s were corrected for (1) background due to the continuous 
spectrum. (2) background due to scattered secondary and o fluorescent 
radiation, (3) beam-current drift, (4) detector dead-time losses , (5) ab­
sorption effects, (6) character is t ic line fluorescence, and (7) atomic 
number effects, using the MAGRAM computer program. 

Figure III.B.5 shows the distribution of plutonium 
along a radius of the specimen. In agreement with previous resul ts (see 
P rogres s Reports for August 1969, ANL-7606, pp. 95-96, February 1968, 
ANL 7427 pp 102-104; and September 1967, ANL-7382, pp. 76-77), the 
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-*\ 

- I 1 r 1 ' I ' 1 ' T 

••s. 

'̂ A^ 

RADIAL DISTANCE FROM CENTER, mils 

Fig. II1,B,5, Distribution of Plutonium in a UO2-2O 
wt % PUO2 Fuel Element Irradiated in 
EBR-II to a Burnup of 5.0 at. % 

mol t en fuel n e a r the c e n t r a l void and 
in the p lu ton ium c o n c e n t r a t i o n . 

p l u t o n i u m c o n c e n t r a t i o n i n c r e a s e d 
at h i g h e r i r r a d i a t i o n t e m p e r a t u r e 
r e g i o n s of the fue l . The r a d i u s of 
the c e n t r a l vo id for t h i s s p e c i m e n 
w a s about 30 m i l s . Unl ike fuel 
e l e m e n t HOV-15 , the d i s t r i b u t i o n 
of p l u t o n i u m in E l e m e n t SOV- I d id 
not show any l a r g e d i s c o n t i n u o u s 
c h a n g e s . The op t i ca l m i c r o g r a p h s 
of E l e m e n t HOV- 15 show a m o l t e n 
r e g i o n a r o u n d the c e n t r a l void, and 
in the r e g i o n n e a r the m o l t e n fuel 
i n t e r f a c e the p l u t o n i u m c o n c e n t r a ­
t ion c h a n g e s r a p i d l y . The op t i ca l 
m i c r o g r a p h s of the SOV- 1 s e c t i o n 
tha t w a s e x a m i n e d wi th the m i c r o ­
p r o b e did not show any e v i d e n c e of 

does not show any s h a r p c h a n g e s 

(c) Studies of F u e l - e l e m e n t Mode l ing (R. W. Weeks and 
V. Z. J a n k u s ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , pp . 101-102 (Dec 1969). 

The L I F E C O D E is in a p r o v e - o u t s t a g e , w h i c h in­
volves an ex tens ive l i t e r a t u r e r e v i e w to choose the "bes t a v a i l a b l e " v a l u e s 
for input da ta for m a t e r i a l s p r o p e r t i e s . R e q u i r e d input da t a for r e s t r u c ­
tu r ing r a t e s a r e being d e r i v e d by c a l i b r a t i o n a g a i n s t r e s u l t s f r o m s h o r t -
t e r m f u e l - e l e m e n t i r r a d i a t i o n s for wh ich the p o w e r h i s t o r y is known. 
When the i npu t -da t a r e q u i r e m e n t s have b e e n s a t i s f i e d as we l l as p o s s i b l e , 
fu r the r c a l i b r a t i o n runs wil l be m a d e to c o m p a r e code p r e d i c t i o n s wi th 
r e s u l t s f rom ac tua l l o n g - t e r m f u e l - e l e m e n t i r r a d i a t i o n s . 

A s tudy of p o t e n t i a l l o n g - t e r m f u e l - e l e m e n t i r r a d i a ­
t ions sui table for code c a l i b r a t i o n r e v e a l e d tha t m o s t of the r e s u l t i n g e l e ­
m e n t s had been e n c a p s u l a t e d . To exped i t e a n a l y s i s of t h e s e e l e m e n t s , the 
h e a t - t r a n s f e r po r t i on of the L I F E C O D E has b e e n mod i f i ed to inc lude e n ­
capsu la ted e l e m e n t s . In addi t ion , a r e v i s e d h e a t - t r a n s f e r coef f ic ien t for 
the fue l -c lad gap which is a funct ion of the gap width , is now be ing u s e d . 

A p lo t t ing r o u t i n e is be ing i n c o r p o r a t e d into L I F E C O D E 
to save t i m e in i n t e r p r e t i n g output r e s u l t s . 
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b. Chemistry of Irradiated Fuel Materials (C. E. Crouthamel) 

(i) Post i rradiat ion Studies of Reactor Fuel and Cladding 

Last Reported: ANL-7640, pp. 101-102 (Nov 1969). 

Recent efforts in the electron microprobe analysis of 
irradiated fuels have concentrated on two mixed-oxide (UO2-2O wt % PUO2) 
fuel elements, TVOV- I and HOV-15. TVOV- I was clad with vanadium-
20 wt % titanium and irradiated m EBR-II to 3.6-at. % burnup at a linear 
heat rate of 19.6 kw/ft; HOV-15 was clad with Hastelloy and irradiated to 
3.5-at. % burnup at 21.4 kW/ft. The specimens examined were both radial 
sections. The section from HOV-15 was taken from near the midplane of 
the pm; the section from TVOV- 1 was taken from the lower quarter of the 
pin. 

Examination of these specimens has shown that both 
uranium and plutonium redistributed m an unusual manner in the bulk fuel. 
The mater ia l neares t the cladding was found to be virtually free of plutoni­
um; its general composition was a mixture of uranium oxides and oxides 
of the cladding components. These data are in contrast with those for 
SOV-6, which showed no significant deviation from the original composition 
(UO2-2O wt % PuOj) in the region near the cladding. For TVOV- 1 and 
HOV-15, appreciable concentrations of plutonium begin to appear m the un­
res t ructured region of the irradiated fuel, about 0.2 mm from the cladding 
edge. As one moves toward the center of the pins from the unres t ructured 
region, the plutonium concentration r i ses and reaches a plateau. This 
plateau extends through the equiaxed-gram region and the cooler half of the 
long columnar-grain region. At this poinf, the plutonium concentration 
again increases and reaches a maximum at the central void. 

In TVOV- 1, the plutonium concentration was 3 1 wt % in the 
plateau region and 39 wt % at the central void; m HOV- 15, the plutonium 
concentration was 26 wt % in the plateau region and 37 wt % at the central 
void. 

If one postulates that oxides of uranium are migrating in 
the fuel (as either UO, or UO3 vapor species), this migration could be due 
to many pa r a m e te r s . The only known parameter that is common to the 
two fuels and could be expected to produce this effect is low smear density. 
This part icular factor appears to be contributing significantly to fission-
product migration in HOV- 16. 

The titanium-vanadium cladding of TVOV- I is known to be 
an oxygen sink and is expected to have lowered the oxygen-to-metal ratio 
in the fuel considerably. This change may have enhanced the migration of 
oxygen-bear ing species in the fuel and contributed to uranium migrat ion. 
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W o r k is now in p r o g r e s s to c a l c u l a t e p l u t o n i u m m a t e r i a l 
b a l a n c e s in t h e s e fuel s p e c i m e n s . 

c. T h e r m o d y n a m i c s of Fue l M a t e r i a l s 

(i) To ta l Vapor P r e s s u r e s and C a r b o n P o t e n t i a l s in the 
T e r n a r y U - G - P u S y s t e m (P . E . B l a c k b u r n and 
M. T e t e n b a u m ) 

L a s t R e p o r t e d : A N L - 7 6 4 0 , p p . 102-103 (Nov 1969). 

A p r o g r a m for i nves t i ga t i ng the c a r b o n p o t e n t i a l s and to t a l 
p r e s s u r e s of the U - P u - C s y s t e m is in p r o g r e s s . To ta l p r e s s u r e of a c ­
t inide m e t a l s p e c i e s as we l l as c a r b o n ac t iv i ty a r e be ing m e a s u r e d by a 
t r a n s p i r a t i o n t e c h n i q u e . Act iv i ty m e a s u r e m e n t s ove r a wide r a n g e of t e m ­
p e r a t u r e and wi th w e l l - d e f i n e d c o m p o s i t i o n a r e n e e d e d to e s t a b l i s h r e l i a b l e 
t h e r m o d y n a m i c q u a n t i t i e s , as we l l as to define p h a s e - b o u n d a r y c o m p o s i t i o n . 
In p a r t i c u l a r , c a r b o n ac t iv i ty da ta a r e i m p o r t a n t in p r e d i c t i n g p o s s i b l e c a r ­
bon e m b r i t t l e m e n t of c ladding by c a r b i d e fuel , the c h e m i c a l s t a t e of f i s s i o n 
p r o d u c t s , and effects of add i t ives on the p r o p e r t i e s of f a s t r e a c t o r f u e l s . 

A t t emp t s w e r e m a d e to e s t a b l i s h the c o n g r u e n t v a p o r i z a t i o n 
compos i t ion of u r a n i u m c a r b i d e by flowing an i n e r t g a s ove r u r a n i u m c a r ­
bide at high t e m p e r a t u r e , us ing the t r a n s p i r a t i o n t e c h n i q u e . T h e s e da t a p r o ­
vide a me thod for c o r r o b o r a t i n g the c a r b o n and u r a n i u m a c t i v i t i e s m e a s u r e d 
m the U-C s y s t e m at the cong ruen t v a p o r i z i n g c o m p o s i t i o n . The a r g o n 
c a r r i e r - g a s flow r a t e was a p p r o x i m a t e l y 200 m l / m i n . At v a r i o u s i n t e r v a l s 
(after cooling to r o o m t e m p e r a t u r e ) , s m a l l p o r t i o n s of the u r a n i u m c a r b i d e 
r e s i d u e w e r e r e m o v e d f r o m the t r a n s p i r a t i o n a p p a r a t u s for a n a l y s i s . The 
r e s u l t s a r e s u m m a r i z e d in Tab le I I I . B . I . It should be no ted tha t the con­
gruen t compos i t ion was a p p r o a c h e d f r o m bo th h y p o s t o i c h i o m e t r i c and h y p e r ­
s t o i c h i o m e t r i c c o m p o s i t i o n s r e l a t i v e to c a r b o n . F r o m the r e s u l t s g iven m 
Table I I I .B . I , one can conclude tha t the c o n g r u e n t c o m p o s i t i o n l i e s n e a r 
C/U = 1 05 . In the t e m p e r a t u r e r a n g e 2255-2455°K, the c o n g r u e n t c o m p o ­
si t ion a p p e a r s to be i n s e n s i t i v e to t e m p e r a t u r e . F o r c o m p a r i s o n , b e t w e e n 
2200 and 2500°K, a congruen t ly v a p o r i z i n g c o m p o s i t i o n of C / U = 1.07 + 0 . 0 5 
was obtained by L e i t n a k e r and W i t t e m a n * f r o m L a n g m u i r v a p o r i z a t i o n e x ­
p e r i m e n t s ; Vozze l l a e t a l . * * ob ta ined C /U = 1.09 ± 0 .003 , and B o w m a n and 
Krupkat obta ined c / u = 1.065. It is a p p a r e n t tha t the c o n g r u e n t c o m p o s i t i o n 
de r ived f rom our s t u d i e s is in r e a s o n a b l e a g r e e m e n t wi th t h o s e ob t a ined by 
m e a n s of L a n g m u i r v a p o r i z a t i o n . The c o m p o s i t i o n s a l s o a g r e e w i t h t h o s e 
ca lcula ted f rom our u r a n i u m and c a r b o n a c t i v i t i e s and l i t e r a t u r e da t a for 
u r a n i u m and c a r b o n p r e s s u r e s . 

Leitnaker. L. M.,and Witteman, M. G., J. Chem. Phys. 36̂ , 1445(1962). 
Vozzella, P. A.. Miller. A. D.. and DeCrescente, M. A.ri. Chem. Phys. 49, 876 (1968). 

tBowman, M. G., and Krupka, M. C . the Fourth Uranium Carbide Conference. TlD-7676 (1963), p. 128, 
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T A B L E I I I . B . I . D e t e r m i n a t i o n s of the Congruen t V a p o r i z a t i o n 
C o m p o s i t i o n for the U r a n i u m C a r b i d e S y s t e m 

(Argon c a r r i e r g a s , flow r a t e -200 m l / m i n ) 

T e m p e r a t u r e 
(°K) 

2355 
2355 
2355 
2355 
2355 

2255 
2255 
2255 
2255 
2355 
2455 

(A) 

(B) 

In i t i a l 

In i ta l 

C; 

Ca 

C a r r i e r Gas 
Volume ( l i t e r s ) 

a rb ide 

i rbide 

Compos i t i on , 

26.3 
35.1 
66.3 
28.0 
40.4 

Compos i t i on , 

104 
104 
134 

91 
72 
67 

c/u = 

C/U = 

0.95 

c/u 

0.95 + 0.02 
1.00 + 0.01 

1. 

1.37 

1.04 
,05 + O.OI 

1.05 

1.15 

1.09 
1.06 
1.04 
1.05 
1.06 

The s tudy of the v a p o r i z a t i o n b e h a v i o r of the u r a n i u m -
c a r b o n s y s t e m is con t inu ing . C u r r e n t e m p h a s i s h a s b e e n p l a c e d on the 
effects of oxygen c o n t a m i n a t i o n m u r a n i u m c a r b i d e on the s y s t e m u r a n i u m , 
c a r b o n , and oxygen p o t e n t i a l s . Th i s is i m p o r t a n t m e s t a b l i s h i n g a l lowable 
l e v e l s of oxygen i m p u r i t y in c a r b i d e fue l s . 

In the in i t ia l e x p e r i m e n t s on the effects of oxygen c o n t a m i ­
na t ion , a r g o n - c a r b o n m o n o x i d e m i x t u r e s a r e be ing u s e d as the e q u i l i b r a t i n g 
gas E x p l o r a t o r y r u n s at 1973°K wi th a c a r r i e r - g a s m i x t u r e having a c a r b o n 
monox ide p a r t i a l p r e s s u r e of a p p r o x i m a t e l y 19 T o r r y i e lded a c o n d e n s e d 
m a t e r i a l c o n t a m i n g a p p r o x i m a t e l y 1.5 at . % oxygen and having an a v e r a g e 
c o m p o s i t i o n of UC, O^OO.OB- Two m e a s u r e m e n t s of the to ta l p r e s s u r e of 
u r a n i u m - b e a r i n g s p e c i e s ove r th i s c o m p o s i t i o n ( c a r r i e r - g a s ow r a t e 
-180 m l / m i n , p l a t e a u not e s t a b l i s h e d ) y i e lded v a l u e s for log p(U) of - 6 . 6 2 
and - 6 69, r e s p e c t i v e l y . T h e s e v a l u e s a r e c o n s i d e r a b l y h ighe r t h a n the 
t o t a l p r e s s u r e of u r a n i u m - b e a r i n g s p e c i e s over the c o r r e s p o n d i n g "oxygen-
f r e e " c a r b i d e UC,,o5. F r o m S t o r m s ' d a t a , * log p(U) ~= -9 .30 at 1973°K for 
UC,,o5. 

*Storms, E. K.. The Refractory Carbides, Academic Press, N.Y, (1967), Ch XI, p. 205. 
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We plan to m e a s u r e the CO/CO^ and [00)^/00^ r a t i o s in 
the equ i l i b ra t ing gas by m e a n s of g a s c h r o m a t o g r a p h y . F r o m t h e s e r a t i o s , 
e s t i m a t e s of the c a r b o n and oxygen a c t i v i t i e s can be o b t a i n e d . 

d. Oxide Fue l S tud ies 

(i) Studies of Fue l Swel l ing ( L . C . M i c h e l s and T . W . L a t i m e r ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , p . 103 (Dec 1969). 

Addi t ional ev idence for the e x i s t e n c e of s u b g r a i n bound­
a r i e s in the equ iaxed to c o l u m n a r - g r a i n t r a n s i t i o n r e g i o n s and in the 
co lumnar r eg ions of SOV-6 and HOV- 15 has b e e n ob ta ined by op t i ca l m e t a l ­
lography . The s u b g r a i n b o u n d a r i e s w e r e f i r s t found by r e p l i c a e l e c t r o n 
m i c r o s c o p y . E tch ing t i m e s of up to 135 m i n u s i n g an e t c h a n t d e v e l o p e d at 
BNWL w e r e r e q u i r e d to b r i n g out the s u b g r a i n b o u n d a r i e s in op t i ca l m e t a l ­
lography . The o b s e r v a t i o n s (see F i g . I I I .B.6) i nd i ca t e tha t t h e s e s u b g r a i n 

b o u n d a r i e s m i g r a t e s i d e w i s e as we l l 
as up the t e m p e r a t u r e g r a d i e n t , and 
a r e u s u a l l y d e c o r a t e d wi th gas b u b ­
b l e s and so l id f i s s i o n - p r o d u c t p r e ­
c i p i t a t e s . T h e s e s u b b o u n d a r i e s could 
f o r m as the r e s u l t of d i s l o c a t i o n 
m u l t i p l i c a t i o n and r e o r g a n i z a t i o n 
du r ing s w e l l i n g - i n d u c e d c r e e p . 

T h e r e a r e two o the r p o s s i ­
b i l i t i e s for the f o r m a t i o n of the 
o b s e r v e d s u b g r a i n b o u n d a r i e s . In 
g e n e r a l , g r o w t h of s u b g r a i n s d u r i n g 
so l id i f i ca t ion can be r u l e d out b e ­
c a u s e s u b g r a i n b o u n d a r i e s w e r e 
a l s o o b s e r v e d in the s t r u c t u r e of 
E l e m e n t SOV-6 , wh ich did not op­
e r a t e in the m o l t e n cond i t ion . The 
second p o s s i b i l i t y is tha t the s u b -
g r a i n b o u n d a r i e s f o r m e d as a r e s u l t 
of the s i n t e r i n g of m i c r o c r a c k s 
f o r m e d dur ing r e a c t o r c y c l i n g . The 
s t r e s s and t e m p e r a t u r e g r a d i e n t s 
p r e s e n t in the fuel could p r o v i d e the 
d r i v i n g f o r c e s n e c e s s a r y for the 
m i g r a t i o n of the s u b g r a i n b o u n d a r i e s 
once they a r e f o r m e d . Th i s s i t u a t i o n 

is fur ther compl i ca t ed by the p o s s i b i l i t y tha t gas bubb le s and so l id f i s s i o n -
product p r e c i p i t a t e s can e i t h e r r e t a r d or enhance the s u b b o u n d a r y m i g r a t i o n 

Fig. III.B.6. Area near the End of the Columnar 
Region in HOV-15. Fuel center is 
toward lower left. Mag. 150X. 
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depending upon loca l cond i t ions , as 
shown in F i g . I I I .B .7 . The s u b -
b o u n d a r y m i g r a t i o n can a l s o be r e ­
t a r d e d by i n t e r a c t i o n wi th o the r 
b o u n d a r i e s (see F i g . I I I .B .7) . 

The g e n e r a t i o n of c r e e p -
induced or s i n t e r e d - m i c r o c r a c k 
s u b g r a i n b o u n d a r i e s and t h e i r m i ­
g r a t i o n would be e x p e c t e d to be a 
con t inua l ly r e c u r r i n g p r o c e s s 
t h roughou t the l i f e t ime of the fuel . 
F i s s i o n - p r o d u c t sweep ing t o w a r d 
the fuel c e n t e r as we l l as s i d e w i s e 
into ex i s t ing c r a c k s and c o l u m n a r 
b o u n d a r i e s would be one i m p o r t a n t 
r e s u l t of the p r o c e s s , and would 
account for the n u m e r o u s f indings 
of so l id f i s s i o n - p r o d u c t ingots at 
the b a s e of the c e n t r a l vo id . An­
o the r r e s u l t would be the con t inuous 
r e g e n e r a t i o n of the c o l u m n a r - g r a i n 
s t r u c t u r e wi thout the n e c e s s i t y of 
the m i g r a t i o n of l e n t i c u l a r v o i d s . 
No l e n t i c u l a r voids w e r e found in 

the s t r u c t u r e of E l e m e n t HOV-15 , a l though th i s fuel had r e s t r u c t u r e d in 
the so l id s t a t e in one day af ter an in i t ia l p e r i o d of i r r a d i a t i o n wi th a m o l t e n 
c e n t e r . 

An add i t iona l o b s e r v a t i o n is that the c o l u m n a r g r a i n 
b o u n d a r i e s a r e a p p a r e n t l y capab le of s i d e w i s e m i g r a t i o n th roughou t the 
c o l u m n a r r e g i o n . This would a l s o c o n t r i b u t e to the s i d e w i s e sweep ing of 
f i s s i on p r o d u c t s . 

Fig. III.B.7. Area in the Columnar Region of 
HOV-15. Fuel center is toward 
the top. Mag, 300X, 

(il) F u e l - e l e m e n t P e r f o r m a n c e 
W. F . Murphy) 

(L. A. N e i m a r k and 

(a) I r r a d i a t i o n of Group 0 -3 Fue l E l e m e n t s 

L a s t R e p o r t e d : A N L - 7 6 6 1 , p . lOI (Jan 1970). 

The e igh t een m i x e d - o x i d e fuel e l e m e n t s of G r o u p 0 - 3 
a r e be ing i r r a d i a t e d in the E B R - H m S u b a s s e m b l y X 0 7 2 . The s u b a s s e m b l y 
w a s put into p o s i t i o n 6E2 at the beg inn ing of Run 39. Dur ing Run 39 (A, B, 
and G) the s u b a s s e m b l y a c c u m u l a t e d 1371 MWd of e x p o s u r e . At the end 
of Run 39, the s u b a s s e m b l y w a s m o v e d to p o s i t i o n 6B2, m a i n t a i n i n g the 
s a m e o r i e n t a t i o n wi th r e s p e c t to the r e a c t o r c o r e c e n t e r . As of 



114 

F e b r u a r y 12, 1970, the s u b a s s e m b l y had a c q u i r e d 517 MWd in Run 4 0 . The 
to ta l a c c u m u l a t e d MWd is 1888, wh ich is ~20% of the f i r s t t a r g e t i r r a d i a t i o n 
of 9500 MWd ( 3 i a t . % b u r n u p ) . 

e . I r r a d i a t i o n Effec ts in C r e e p of Oxide F u e l s 

(i) F i s s i o n - i n d u c e d C r e e p of C e r a m i c F u e l s (A. A. So lomon 
and R. H. Gebne r ) 

L a s t R e p o r t e d : ANL-7487 , pp . 8 7 - 8 8 (Aug 1968). 

The i n - p i l e c r e e p of e n r i c h e d UO^ h e l i c a l s p r i n g s p r e s e n t s 
a n u m b e r of p r o b l e m s , bo th p r a c t i c a l and t h e o r e t i c a l . In o r d e r to d e m o n ­
s t r a t e the feas ib i l i ty of th i s e x p e r i m e n t and to ob ta in u n u s u a l low s t r a i n -
r a t e data , a s e r i e s of t h e r m a l - c r e e p e x p e r i m e n t s h a s b e e n i n i t i a t e d 
ut i l iz ing dep le ted UOj he l i ca l s p r i n g s . 

The c r e e p a p p a r a t u s c o n s i s t s of a d e a d - w e i g h t load ing s y s ­
t em that is comple t e ly enc lo sed in a v a c u u m f u r n a c e to avoid the p r o b l e m s 
of sea l ing the load t r a i n . V a c u u m s of 5 x 10" in. Hg have b e e n a c h i e v e d . 

The fu rnace e m p l o y s a 7 ^ - i n . - l o n g 
t a n t a l u m e l e m e n t tha t y i e l d s a hea t 
zone of ±2-j°C ove r 2 in. L o n g - t e r m 
con t ro l i s + l / 4 ° C ove r 24 h r . T h i s 
hea t zone was m e a s u r e d by a t t a ch ing 
t h r e e P t - 10 Rh t h e r m o c o u p l e s to a d e ­
f o r m e d UO2 s p r i n g , a s shown in 
F i g . I I I . B . 8 . Also shown is an u n d e -
f o r m e d UOj s p r i n g . 

The s p r i n g s shown in th i s f ig­
u r e w e r e p r o d u c e d by the s l i p - c a s t 
t e c h n i q u e . Th i s m e t h o d , at p r e s e n t , 
has the d i s a d v a n t a g e tha t an add i t iona l 
p l a s t i c d e f o r m a t i o n of the s i n t e r e d 
s p r i n g p r i o r to c r e e p t e s t i n g is r e q u i r e d 
to p e r m i t g r i p p i n g . A s e c o n d d i s a d v a n ­
tage of t h i s t e chn ique is t ha t it y i e l d s a 
t r a p e z o i d a l c r o s s s e c t i o n . So lu t ions 
a r e not p r e s e n t l y a v a i l a b l e for the 
s t r e s s d i s t r i b u t i o n du r ing t i m e -
dependen t d e f o r m a t i o n of a h e l i c a l 
s p r i n g of t r a p e z o i d a l c r o s s s e c t i o n ; 
t h e r e f o r e , only e s t i m a t e s can be m a d e 
of the m a x i m u m f iber s t r e s s . A c o m ­
p a r i s o n of the m a x i m u m f iber s t r e s s 
wi th the r e s u l t s for c o m p r e s s i o n of 
s t o i c h i o m e t r i c UO^ r e v e a l s tha t the 

Fig. III.B.8. Deformed and Undeformed 
Slip-cast Helical Springs of 
Stoichiometric U0„ 
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helical spring geometry yields consistent results for the strain rate within 
an order of magnitude. For these reasons, an extrusion technique has 
been developed to produce helical UOj springs with circular cross section. 
These fabrication techniques will be described in a future report . 

The helical spring configuration was selected because of 
the large magnification factors of ~3000 mm that are possible between 
specimen shear strain and spring deflection. This magnification offers the 
possibility of studying very small strain rates of 10"' h r " ' within reason­
able t imes, and permits the determination of activation energies at re la­
tively low tempera tures . Because of the magnification factor, however, 
even after 100% deflection of the spring, only ~0.5% strain is sustained by 
the mater ia l . All of the measurements , therefore, are probably made 
during pr imary creep of the UO2. The experiments conducted on s l ip-cast 
springs reveals the presence of this pr imary creep region in UO2. 

Creep experiments with polycrystalline metals have shown 
that the apparent activation energy Q^ for creep may be determined by the 
instantaneous-temperature-change technique during both pr imary and 
steady-state creep, since the measured activation energy is independent of 
s train. The helical-spring geometry is part icularly suitable for measuring 
Qc during pr imary creep, since the specimen strain changes very little 
during a temperature change. At present, specimen temperature ^changes 
of ~20°C can be made such that the new temperature is within I/2°C of the 
control temperature m I^mm. Measurements of Q^ from 1200 to 1350°C 
have yielded a value of 90 ± 5 kcal. This value corresponds quite well with 
other published results for compression and bend tests of stoichiometric 
UO2. Measurements of stoichiometry for the helical spring specimens 
indicate that the oxygen-to-metal ratio, before and after creep testing, is 
2.002 ± 0.002. 

Future experiments will be conducted to determine Qc at 
lower temperatures that are more relevant to the in-pile creep program. 
In addition, the present capability of changing load during a creep test will 
be used to study the deformation dynamics at low strain rates in UO^ and, 
thus, help elucidate the mechanism of deformation in this regime. 

2. Radiation Damage on Structural Mater ia l s - -Research and Development 

a. In-reactor Creep Studies (J. A. Tesk, R. Carlander, and 
Che-Yu Li) 

Last Reported: ANL-7632, pp. 112-113 (Oct 1969). 

Data obtained by Walter, Walters, and Pugacz (EBR-II Project) 
from the second ser ies of postirradiation measurements of the d iameters 
of p ressur ized tubes m the Subassembly X065 (Creep- 1) have been analyzed. 
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The tubes a r e Type 304 s t a i n l e s s s t e e l in rough ly the a n n e a l e d condi t ion , 
unde r hoop s t r e s s e s of 25 -28 k s i , and i r r a d i a t e d at an a v e r a g e flux of 
6 X lO'"* n / c m ^ - s e c E > O.I MeV to a f luence of 2 x 10^' nv t . A n a l y s i s s h o w s 
a r a d i a t i o n - i n d u c e d a v e r a g e c r e e p r a t e of 2.2 x 10"^ h r " ' . T h i s is of the 
s a m e magni tude as r e p o r t e d by the B r i t i s h in t h e i r c r e e p s t u d i e s of l o a d e d 
s p r i n g s . It a g r e e s wi th the va lue of 3 x 10"*" h r ~ ' p r e d i c t e d by our c o m ­
pu te r i zed mode l of r a d i a t i o n - e n h a n c e d c l i m b - c o n t r o l l e d c r e e p . 

Based on the m o d e l , an add i t iona l c r e e p d e f o r m a t i o n of 
~3 x 10"* in. should occur du r ing the nex t r e a c t o r c y c l e . Th i s d e f o r m a t i o n 
and the p rev ious d e f o r m a t i o n of 5 x 10"'' in. a r e s m a l l enough to c o n s i d e r 
that c r e e p o c c u r s unde r n e a r l y cons t an t s t r e s s c o n d i t i o n s . 

F u t u r e e x p e r i m e n t s a r e needed to obta in m o r e a c c u r a t e c r e e p 
data, and to inves t iga te the s t r e s s dependence and t e m p e r a t u r e d e p e n d e n c e 
of the c r e e p r a t e . The re f ined s u b a s s e m b l i e s n e c e s s a r y to con t inue t h i s 
work a r e under des ign and c o n s t r u c t i o n . 

3. Techniques of F a b r i c a t i o n and T e s t i n g - - R e s e a r c h and D e v e l o p m e n t 

a. N o n d e s t r u c t i v e T e s t i n g R e s e a r c h and D e v e l o p m e n t 

(i) N e u t r o n R a d i o g r a p h y (H. B e r g e r ) 

(a) F a s t - n e u t r o n T e c h n i q u e s 

Not p r e v i o u s l y r e p o r t e d . 

A r e v i e w of f a s t - n e u t r o n r a d i o g r a p h i c s t u d i e s in the 
MeV ene rgy r a n g e has ind ica ted tha t good s o u r c e s of n e u t r o n s in t h i s e n e r g y 
range w e r e ava i l ab le , bo th f r o m m a c h i n e t ypes s u c h as the low a c c e l e r a t i o n 
voltage r e a c t i o n H^(d,n)He* and f r o m r a d i o a c t i v e s o u r c e s . D e t e c t i o n 
methods include r e l a t i v e l y fas t d i r e c t - f i l m m e t h o d s wi th s c i n t i l l a t o r in ­
tensifying s c r e e n s , and the g a m m a - i n s e n s i t i v e d e t e c t i o n m e t h o d s tha t e m ­
ploy r ad ioac t ive t r a n s f e r or t r a c k - e t c h t e c h n i q u e s . The t r a n s f e r m e t h o d s 
appear m o s t useful wi th I4 -MeV n e u t r o n s ; the a c t i v a t i o n r e a c t i o n 
Cu ^(n,2n)Cu''^ p r o v i d e s a good m e t h o d . T r a c k - e t c h t e c h n i q u e s wi th the 
a l p h a - s e n s i t i v e m a t e r i a l c e l l u l o s e n i t r a t e h a s a l so p r o v i d e d good g a m m a -
free f a s t - n e u t r o n i m a g e s ; h o w e v e r , the i m a g e c o n t r a s t of t h e s e t r a c k - e t c h 
r e s u l t s a r e thus far i n f e r io r to t h o s e ob ta ined by the f i lm d e t e c t o r s . F o r 
both of t he se g a m m a - i n s e n s i t i v e d e t e c t o r s , to ta l d e t e c t o r e x p o s u r e s of the 
o r d e r of 10'° n/cm"^ a r e r e q u i r e d . C o n v e r s e l y , the d i r e c t - f i l m t e c h n i q u e s 
have p roduced useful f a s t - n e u t r o n i m a g e s for to ta l e x p o s u r e s l o w e r by 
app rox ima te ly t h r e e o r d e r s of m a g n i t u d e . An i m p o r t a n t c h a r a c t e r i s t i c of 
the h i g h - s e n s i t i v i t y i m a g e s is tha t the i m a g e c o n t r a s t s a r e v e r y s i m i l a r to 
those obtained wi th the t r a n s f e r t e c h n i q u e and a r e , t h e r e f o r e , r e l a t i v e l y 
t rue f a s t - n e u t r o n i m a g e s . 
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F a s t - n e u t r o n c r o s s s e c t i o n s in the MeV e n e r g y r a n g e 
are not p a r t i c u l a r l y a t t r a c t i v e for r a d i o g r a p h y . Since c r o s s s e c t i o n s a r e 
all low and s i m i l a r to e a c h o t h e r , r a d i o g r a p h i c d i s c r i m i n a t i o n b e t w e e n 
d i f fe ren t m a t e r i a l s b e c o m e s v e r y diff icul t . C r o s s s e c t i o n s of s e v e r a l 
m a t e r i a l s in the f a s t - n e u t r o n e n e r g y r a n g e a r e shown in F i g . I I I .B .9 . 

0.01 Ol 20keV 

NEUTRON ENERGY eV 

MeV 

NEUTRON ENERGY 

10 MeV 20 MeV 

Fig. III.B.9. Total Cross Sections for Several Materials over the Fast-neutron Energy 
Range. Thermal-neutron cross sections (left) and the approximate 
spectrum range of several accelerator and radioactive fast-neutron 
sources (upper) are shown for information. 

M e V r a n g e a r e : 

T h e a d v a n t a g e s of f a s t - n e u t r o n r a d i o g r a p h y i n t h e 

( I ) S o u r c e s a r e r e a d i l y a v a i l a b l e . 

(2) L a r g e r a d i o g r a p h i c a r e a s a r e ava i l ab l e b e c a u s e 

of the p o i n t - s o u r c e g e o m e t r y . 

(3) G a m m a - i n s e n s i t i v e d e t e c t i o n m e t h o d s a r e p o s ­

s i b l e . R a d i o g r a p h y of r a d i o a c t i v e m a t e r i a l s is p o s s i b l e , for e x a m p l e , in 

a hot c e l l . 

(4) Knock-on p r o t o n s a r e r e a d i l y ob ta inab le f r o m 
h y d r o g e n o u s r a d i a t o r s s u c h as a B a k e l i t e c a s s e t t e f ront ; t h e r e f o r e , p r o t o n 
r a d i o g r a p h y of th in ob jec t s is p o s s i b l e . A t e s t - o b j e c t e x a m p l e is shown in 
F i g . I I I .B . 10. T h e r e a p p e a r s to be s o m e b io log i ca l i n t e r e s t in t h i s 
t e c h n i q u e . 
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Fig. III.B.10. A Radiograph of a Stepped Wedge of Lead Taken 
with Protons from a Bakelite Cassette Front Irradi­
ated with 14-MeV Neutrons. The lead thicknesses 
right to left are 0.25 mm (first grey image at right), 
0,375 mm, 0,50 mm (about center) and 0.625 mm 
(left). The range of 14-MeV protons in lead is 
0.6385 g/cm^, equivalent to a lead thickness of 
slightly less than 0.6 mm. The radiograph shows 
penetration at 0.50 mm but not at 0.625 mm. 

M o r e g e n e r a l l y useful r a d i o g r a p h y , t ha t i s , b e t t e r 
d i s c r i m i n a t i o n capab i l i ty be tween v a r i o u s m a t e r i a l s ( p a r t i c u l a r l y b e t w e e n 
hydrogen and v a r i o u s m e t a l s ) , a p p e a r s p o s s i b l e if f a s t n e u t r o n s a r e u s e d 
in the keV ene rgy r a n g e (see F i g . I I I .B .9) . W o r k in tha t e n e r g y r a n g e is 
now being p lanned . 

(b) N e u t r o n T e l e v i s i o n S y s t e m 

L a s t R e p o r t e d : A N L - 7 4 7 8 , pp . 108-109 (July 1968). 

P l a n s a r e p r e s e n t l y u n d e r way to t e s t a new n e u t r o n 
t e lev i s ion s y s t e m a s s e m b l e d by the Rau land C o r p o r a t i o n . This new s y s t e m 
m a k e s u s e of an SEC v id icon c a m e r a t u b e . The h i g h - r e s i s t i v i t y t a r g e t 
within the tube al lows e l e c t r o n i c s t o r a g e of i m a g e i n f o r m a t i o n . * An t i c ipa t ed 
s to rage pe r iods a r e in e x c e s s of 10 s e c , an i n c r e a s e by a f a c t o r of a ==300 
over r a t e s for n o r m a l t e l e v i s i o n f r a m e s . 

The s y s t e m , t h e r e f o r e , b e c o m e s a t t r a c t i v e for u s e 
with neu t ron s o u r c e s of l o w e r i n t ens i t y . P l a n s to couple th i s t e l e v i s i o n 
s y s t e m to a Cf t h e r m a l - n e u t r o n s o u r c e a r e p r o c e e d i n g . A new m o d e r a ­
tion tank us ing w a t e r to b r i n g a h o r i z o n t a l l y o r i e n t e d t h e r m a l - n e u t r o n 
b e a m from the s o u r c e is unde r c o n s t r u c t i o n . 

Mesmer, M. H.. Electronics 38. 80-90 (May 1965). 
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(c) T r a c k - e t c h De tec t ion Methods 

L a s t R e p o r t e d : ANL-7419 , pp . 111-112 (Jan 1968). 

R e c e n t l y s o m e e x p e r i m e n t s have b e e n p e r f o r m e d to 
enhance the i m a g e c o n t r a s t ob ta ined wi th t r a c k - e t c h t h e r m a l - n e u t r o n 
r a d i o g r a p h s . The e x p e r i m e n t s w e r e m a d e wi th a thin (10 lim) p o l y c a r ­
b o n a t e p l a s t i c (Kimfoil , K i m b e r l y - C l a r k Corp . ) and a ^"U foil to g e n e r a t e 
f i s s i on f r a g m e n t s for d a m a g e of the p l a s t i c . After e tch ing in a 6.5 N NaOH 
so lu t ion ( r o o m t e m p e r a t u r e for 20 h r ) , the p l a s t i c was sub jec t ed to a h igh-
vo l tage s p a r k i n g t e chn ique in an a t t e m p t to p r o d u c e a h i g h - c o n t r a s t r e p l i c a . 

In the s p a r k t echn ique , a s m a l l hole or t r a c k wi l l e x i s t 
w h e r e f i s s i o n - f r a g m e n t d a m a g e has o c c u r r e d , and the app l i ca t ion of a 
vo l tage ( typ ica l ly about 500 V) wi l l c a u s e a s p a r k to p u n c t u r e the h o l e . If 
one e l e c t r o d e in the s y s t e m is a l u m i n i z e d M y l a r , the s p a r k wi l l b u r n away 
the a l u m i n u m and p r o d u c e a hole in the a l u m i n u m f i lm for e a c h f i s s i on 
t r a c k in the p l a s t i c . The t echn ique was deve loped by C r o s s * for d o s i m e t r y 
a p p l i c a t i o n s , and h a s b e e n appl ied to a u t o r a d i o g r a p h i c i m a g e s by B e c k e r 
e t_a l .** 

Our r e s u l t s i nd i ca t ed tha t it was p o s s i b l e to p r o d u c e 
g r o s s i m a g e s by th i s t e chn ique (the n e u t r o n - i n d u c e d f i s s i on i m a g e of the 
"^U foil , 5 by 5 c m ) even for a v e r a g e t r a c k d e n s i t i e s as low as a few 
h u n d r e d t r a c k s p e r s q u a r e c e n t i m e t e r ; t h i s r e s u l t would t end to c o n f i r m 
the w o r k of B e c k e r et a l . Howeve r , it was not p o s s i b l e to o b s e r v e r a d i o ­
g r a p h i c shadows wi th in the r a d i o g r a p h i c a r e a b e c a u s e of s t a t i s t i c a l l i m i t a ­
t i o n s . F o r t r a c k d e n s i t i e s of s e v e r a l t housand t r a c k s p e r s q u a r e c e n t i m e t e r 
o r m o r e , the u r a n i u m shadow could again he o b s e r v e d , but no s a t i s f a c t o r y 
r a d i o g r a p h i c i m a g e s w e r e found. F o r the t r a c k s of h ighe r d e n s i t i e s , the 
n u m b e r of h o l e s p r o d u c e d e l e c t r i c a l l y i s o l a t e s i m a g e a r e a s in the a l u m i n u m 
r e p l i c a b e f o r e the i m a g e r e p r o d u c t i o n is c o m p l e t e d . Al though s o m e c o n t r o l 
ove r t h i s c a n b e ob ta ined by vo l t age s e t t i n g s , c a p a c i t a n c e , s p a c i n g , e t c . , in 
o r d e r to d e c r e a s e t he hole s i z e in the a l u m i n u m r e p l i c a , the s a m e l i m i t a ­
t ions would be p r e s e n t , n a m e l y , s t a t i s t i c a l l i m i t a t i o n s at the l o w - e x p o s u r e 
end of the s c a l e and e l e c t r i c a l cont inui ty p r o b l e m s at the h ighe r end of the 
s c a l e . 

*Cross W. G.. Rapid Reading Techniques for Nuclear Particle Damage Tracks in Insulating Foils. Intl. 
Topical Conf. on Nuclear Track Registration in Insulating Solids and Applications. Clermont-Ferrand. 
France. May 6-9, 1969. 

**Becker. K., Boyett. R. H.. and lohnson, D. R., Some Applications of the Track Etching Process in 
Radiation Protection. Intl. Topical Conf. on Nuclear Track Registration m Insulating Solids and 
Applications. Clermont-Ferrand. France. May 6-9, 1969. 
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F o r t u n a t e l y , s o m e usefu l r e s u l t s con t inue to be ob­
ta ined by pho tog raph ic p r i n t i ng of t r a c k - e t c h i m a g e s . A r e s u l t is shown in 
F ig . I I I .B. 11; the a v e r a g e t r a c k dens i t y for tha t r e s u l t is of the o r d e r of 
mi l l i ons of t r a c k s p e r s q u a r e c e n t i m e t e r . 

Fig. III.B.11 
A Track-etch Thermal-neutron Image Taken 
with a 235u poii and the Polycarbonate Plas­
tic. Makrofol. Total exposure was 10^ n/ctrr. 
Object imaged in the lower area is a Masonite 
stepped wedge; thicknesses are 2.5. 2.0, and 
1.5 mm, left to right. Hole diameters are T, 
2T. and 4T. where T is the step thickness. 
Upper objects are, for example, cadmium, 
plastic, and indium. 

4 , Eng inee r ing P r o p e r t i e s of R e a c t o r M a t e r i a l s - - R e s e a r c h and 
Development 

a. High T e m p e r a t u r e M e c h a n i c a l P r o p e r t i e s of C e r a m i c F u e l s 

(i) H i g h - t e m p e r a t u r e M e c h a n i c a l P r o p e r t i e s of F u e l Oxides 
(J. T. A. R o b e r t s , D. G. P i l n e y , and B . J . W r o n a ) 

(a) F r a c t o g r a p h y 

Not p r e v i o u s l y r e p o r t e d . 

A s tudy of the inf luence of g r a i n s i z e , s t r a i n r a t e , and 
t e m p e r a t u r e on the b r i t t l e - d u c t i l e t r a n s i t i o n in UOj (97% TD) was m a d e by 
using the 4-point bend t e s t . * The m a j o r f indings of t h i s w o r k wi l l be s u m ­
m a r i z e d . The c u r v e s of m o d u l u s of r u p t u r e , p l a s t i c s t r a i n , and p r o p o r ­
t ional l imi t v e r s u s t e m p e r a t u r e (see F i g . I I I .B . 12) a r e c h a r a c t e r i s t i c of 
t h r e e g r a in s i ze s (9, 15, and 31 ^ m ) and t h r e e s t r a i n r a t e s (0.092, 0.92, 
and 9 .2 /h r ) t e s t e d . The t r a n s i t i o n f r o m b r i t t l e - t o - d u c t i l e b e h a v i o r w a s 
m a r k e d by a s h a r p r i s e in bo th m o d u l u s of r u p t u r e and p l a s t i c s t r a i n . A 
second " t r a n s i t i o n " o c c u r r e d at a h ighe r t e m p e r a t u r e , Tt , beyond wh ich 
the modulus of r u p t u r e and p r o p o r t i o n a l l i m i t fell s h a r p l y . Both the 
b r i t t l e - d u c t i l e t r a n s i t i o n t e m p e r a t u r e and Tt i n c r e a s e wi th an i n c r e a s e in 
s t r a i n r a t e . This effect was g r e a t e r than w a s c a u s e d by a change in g r a i n 
s i ze . 

Beals. R. J., and Canon. R. F.. paper presented at Fall Mtg. of Nuc. Div. of Amer. Cer. Soc. 
Seattle, Washington, Oct, 15-17, 1969; 28th High Temperature Fuels Committee Mtg,. May 13-15,1969 
p. 47, 
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The d e t e r m i n a t i o n of s t r e s s 
us ing the s i m p l e equa t ion b a s e d 
only on e l a s t i c d e f o r m a t i o n w a s in­
v a l i d a t e d by the onse t of p l a s t i c 
flow. When th i s was c o r r e c t e d for 
p l a s t i c i n s t a b i l i t y , * the peak ing ef­
fect was r e m o v e d and only the s h a r p 
fall in s t r e s s beyond T,- r e m a i n e d 
(see F i g . I I I .B .12) . 

400 600 800 1000 1200 1400 1600 IBOO 2000 

TEST TEMPERATURE,'C 

Fig. III.B.12. Temperature Dependence of the 
4-point Bend Properties of UOg 

The u l t i m a t e s t r e s s p lo t t ed 
in F i g . I I I .B . 12 can be ca l l ed the 
f r a c t u r e s t r e s s , and a s imp l i f i ed 
plot of f r a c t u r e s t r e s s v e r s u s t e m ­
p e r a t u r e can be c o n s t r u c t e d (for 

e a c h g r a i n s i z e and s t r a i n r a t e ) , wh ich can be d iv ided into t h r e e d i f fe ren t 
r e g i o n s of d e f o r m a t i o n b e h a v i o r ( see F i g . n i . B . 1 3 ) . In r e g i o n A, the m a t e ­
r i a l was s t r o n g but f r a c t u r e d wi thout any m e a s u r a b l e p l a s t i c d e f o r m a t i o n , 
i e , m a b r i t t l e m a n n e r ; in r e g i o n B, the f i r s t s igns of p l a s t i c d e f o r m a t i o n 
w e r e m e a s u r e d , but f r a c t u r e o c c u r r e d af ter only s m a H s t r a i n s ; m r e g i o n C, 
e x t e n s i v e p l a s t i c d e f o r m a t i o n w a s m e a s u r e d and l a r g e p l a s t i c s t r a i n s p r e ­
ceded f r a c t u r e . 

I60O leoo 

An ins igh t into 
the m e c h a n i s m ( s ) of f r a c t u r e migh t 
wel l be ob ta ined by a s tudy of the 
f r a c t u r e s u r f a c e . The r e c e n t l y in­
s t a l l e d scann ing e l e c t r o n m i c r o ­
scope is m o s t su i t ab l e for s u c h an 
e x a m i n a t i o n , s i nce i t s depth of focus 
and the e a s e of s p e c i m e n p r e p a r a t i o n 
a r e bo th far s u p e r i o r to e l e c t r o n -
m i c r o s c o p e t e c h n i q u e s . P r e l i m i ­
n a r y p i c t u r e s of r e p r e s e n t a t i v e 
a r e a s of s a m p l e s f r o m the t h r e e r e ­
gions a r e p r e s e n t e d in F i g . I I I .B . 14. 
Only a qua l i t a t i ve d i s c u s s i o n can be 
p r e s e n t e d at t h i s t i m e . The di f fer ­
e n c e s in s u r f a c e a p p e a r a n c e a r e a p p a r e n t . The f r a c t u r e m r e g i o n A is 
f e a t u r e l e s s , excep t for p o r e s and c r a c k s , wh ich i n d i c a t e s a b r i t t l e , t r a n s -
g r a n u l a r type of f r a c t u r e . In c o n t r a s t , in r e g i o n C, the f r a c t u r e o c c u r r e d 
along g r a i n b o u n d a r i e s , i . e . , i n t e r g r a n u l a r type , and was p r e c e d e d by ex ­
t e n s i v e g r a i n - b o u n d a r y s h e a r i n g , as is ev idenced by the smoo th , r o u n d e d 
g r a m b o u n d a r i e s . A m i x e d type of f r a c t u r e 

Fig, III.B.13. Temperature Dependence 
of Fracture Stress 

IS o b s e r v e d in r e g i o n B; the 

*jj3daî  A.. Theory of the Flow and Fracture of Solids. McGraw-Hill Book Company, New York 
(1950). p. 353. 
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i n t e r g r a n u l a r a r e a is m a r k e d by a g r a i n - b o u n d a r y s h a r p n e s s , wh ich s u g ­
ges t s l i t t l e or no g r a i n - b o u n d a r y s l id ing p r i o r to f r a c t u r e . Th i s a g r e e s 
wi th the s m a l l o b s e r v e d p l a s t i c s t r a i n . 

(a) Region A--500°C, 0.092/hr (b) Region B--1250°C, 0.092/hr 

Fig. III.B.14 

Fracture Surfaces Obtained by Scanning 
Electron Microscope. Mag. 2000X. 

(c) Region C--1600°C. 0.092/hr 

In s u m m a r y , t h e s e p r e l i m i n a r y r e s u l t s i l l u s t r a t e the 
potent ia l of the scanning e l e c t r o n m i c r o s c o p e in a s tudy of f r a c t u r e 
m e c h a n i s m s . 
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C. E n g i n e e r i n g D e v e l o p m e n t - - R e s e a r c h and D e v e l o p m e n t 

I , I n s t r u m e n t a t i o n and C o n t r o l (T, P , Mulcahey) 

a. Boi l ing D e t e c t o r (T, T, A n d e r s o n ) 

L a s t R e p o r t e d : A N L - 7 6 5 5 , pp. 108-109 (Dec 1969). 

(i) A c o u s t i c Method 

(a) I r r a d i a t i o n and R e s i s t a n c e T e s t s of P i e z o e l e c t r i c and 
I n s u l a t o r M a t e r i a l s (S. L . H a l v e r s o n , A. P . Gav in , and 
T . T, A n d e r s o n ) 

E v a l u a t i o n of l i t h ium n ioba te as a h i g h - t e m p e r a t u r e , 
r a d i a t i o n - t o l e r a n t p i e z o e l e c t r i c t r a n s d u c e r m a t e r i a l * h a s led to the des ign 
of s e v e r a l t r a n s d u c e r t e s t a s s e m b l i e s , the l a t e s t of which is d e s i g n a t e d H - 5 , 

B a s e d upon e x p e r i e n c e wi th e a r l i e r c r y s t a l - h o l d i n g 
d e v i c e s , the H - 5 a s s e m b l y i n c o r p o r a t e s , a s a new f e a t u r e , op t i ca l ly flat 
s t a i n l e s s s t e e l s u r f a c e s in con tac t wi th the l i t h i u m n ioba te c r y s t a l to m i n i ­
m i z e c r a c k i n g . It is d e s i g n e d to f ac i l i t a t e t e s t i ng the c r y s t a l a t t e m p e r a ­
t u r e s up to 1200°F in a g a m m a - r a d i a t i o n e n v i r o n m e n t . To a c h i e v e t h e s e 
t e m p e r a t u r e s , the a s s e m b l y is i n s t a l l e d in a l o w - g a m m a - a t t e n u a t i o n f u r n a c e 
( see P r o g r e s s R e p o r t for Oc tobe r 1969, A N L - 7 6 3 2 , p . 114). A c o u s t i c e x c i ­
ta t ion is supp l i ed by an u l t r a s o n i c t r a n s d u c e r sh i e lded f r o m g a m m a r a y s 
and l o c a t e d ou t s ide the f u r n a c e . E l e c t r i c a l output f r o m the c r y s t a l is c o n ­
duc ted by a M g O - i n s u I a t e d cab le to i n s t r u m e n t a t i o n ou t s ide the r a d i a t i o n 
e n v i r o n m e n t . 

P r e l i m i n a r y fu rnace t e s t of the a s s e m b l y be tween r o o m 
t e m p e r a t u r e and I050°F showed no d e g r a d a t i o n in a c o u s t i c r e s p o n s e or 
e l e c t r i c a l p r o p e r t i e s of the l i t h i u m n ioba te c r y s t a l . As e x p e c t e d , the only 
c h a n g e s w e r e shi f ts in m o d a l f r e q u e n c i e s due to changes in app l i ed p r e s s u r e . 
The m e c h a n i c a l qua l i ty fac to r Qm of the c r y s t a l was c o n s t a n t , of the o r d e r 
of I 0 ^ in c o n t r a s t to m u c h lower p r e s s u r e - d e p e n d e n t v a l u e s r e p o r t e d for 
e a r l i e r h o l d e r s A p o s s i b l e exp lana t ion for the m a r k e d change is t ha t s u r ­
face i r r e g u l a r i t i e s a s s i s t in d i s s i p a t i n g the a c o u s t i c e n e r g y , t h e r e b y r e d u c i n g 
Q m S u b s e q u e n t d i s a s s e m b l y r e v e a l e d s l ight chipping of c r y s t a l e d g e s , but 
no i n t e r n a l c r a c k i n g as had been e x p e r i e n c e d wi th a p r e v i o u s ho lde r wi thou t 
op t i ca l f l a t s . 

The f u r n a c e , H - 5 a s s e m b l y , and s a m e l i t h i u m n ioba t e 
c r y s t a l w e r e then r e a s s e m b l e d and p l aced in the c e n t e r of a c y l i n d r i c a l 

*Primak.W.. Anderson. T.T.. and Halverson. S. L.. Radiation Damage in Lithium Niobate (Abstract). Bull. 
Am. Phys. Soc. 15(1). 52(1970). 
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a r r a y of c o b a l t - 6 0 r o d s i n t h e C h e m i s t r y D i v i s i o n G a m m a F a c i l i t y . A n 

e q u i l i b r i u m c r y s t a l t e m p e r a t u r e of 5 4 0 ° F w a s a c h i e v e d , w i t h o u t a u x i l i a r y 

h e a t i n g . T h e c r y s t a l w a s i r r a d i a t e d f o r 117 h r a t t h i s t e m p e r a t u r e a n d 

r e m o v e d f o r e x a m i n a t i o n . T h e o n l y c h a n g e in a p p e a r a n c e of t h e c r y s t a l w a s 

a s l i g h t b r o w n i s h d i s c o l o r a t i o n in a m o t t l e d p a t t e r n , w h i c h a p p e a r e d t o b e 

a s u r f a c e c o n d i t i o n . 

B e f o r e r e s u m p t i o n of t h e t e s t , a c o b a l t - g l a s s d o s i m e t e r 

w a s i r r a d i a t e d a t t h e c r y s t a l l o c a t i o n in t h e f u r n a c e . D o s i m e t e r t e m p e r a ­

t u r e w a s m o n i t o r e d t o m a k e c e r t a i n t h a t t h e g l a s s d i d n o t h e a t u p s u f f i c i e n t l y 

t o a n n e a l o u t t h e d i s c o l o r a t i o n . B a s e d on s t a n d a r d p r o c e d u r e f o r c o l o r d e n ­

s i t y , t h e d o s e r a t e w a s 1.75 x 10 r a d / h r . 

T h e l i t h i u m n i o b a t e c r y s t a l w a s r e i n s e r t e d in t h e h o l d e r 

a n d i r r a d i a t e d fo r ~ 1 2 0 h r a t ~ 1 0 0 0 ° F m a i n t a i n e d b y c o m b i n e d g a m m a a n d 

e l e c t r i c a l h e a t i n g . D u r i n g t h i s p e r i o d , s l i g h t d e g r a d a t i o n of a c o u s t i c o u t p u t 

o c c u r r e d . Sh i f t of a n t i r e s o n a n c e f r e q u e n c y w i t h t e m p e r a t u r e a g r e e d c l o s e l y 

w i t h r e s u l t s of o t h e r i n v e s t i g a t o r s . * U p o n c o o l i n g a f t e r t h e t e s t , a d e f i n i t e 

s h i f t of a n t i r e s o n a n c e f r e q u e n c y w a s o b s e r v e d . 

S u b s e q u e n t e x a m i n a t i o n of t h e c r y s t a l r e v e a l e d t h a t t h e 

u p p e r f a c e of t h e c r y s t a l h a d b e c o m e b o n d e d t o t h e s t a i n l e s s s t e e l o v e r 

a p p r o x i m a t e l y 20% of t h e c o n t a c t a r e a a n d h a d b r o k e n a w a y f r o m t h e r e ­

m a i n d e r of t h e c r y s t a l . A r e a c t i o n b e t w e e n t h e s t a i n l e s s s t e e l of t h e c o n t a c t 

d i s k a n d t h e c r y s t a l w a s c l e a r l y e v i d e n t ; t h i s r e a c t i o n m a y h a v e b e e n 

a g g r a v a t e d by a 2 5 - V D C p o t e n t i a l a p p l i e d t o t h e c r y s t a l o v e r n i g h t d u r i n g 

r e s i s t i v i t y m o n i t o r i n g . 

F r o m t h e s e t e s t s , w e c o n c l u d e t h a t l i t h i u m n i o b a t e w i l l 
f u n c t i o n e f f e c t i v e l y a s a t r a n s d u c e r e l e m e n t in a 1 0 0 0 ° F , 1 .75 x l O ' - r a d / h r 
e n v i r o n m e n t , p r o v i d e d s u i t a b l e p r e c a u t i o n s a r e t a k e n t o p r o t e c t t h e c r y s t a l 
f r o m s t a i n l e s s s t e e l i n t e r f a c e s , a n d e x p e r t i s e i s u s e d in m a t c h i n g c r y s t a l -
t o - m e t a l s u r f a c e s t o m i n i m i z e s h e a r s t r e s s e s . 

(b) D e v e l o p m e n t of H i g h - t e m p e r a t u r e D e t e c t o r 

( T . T . A n d e r s o n a n d A . P . G a v i n ) 

S p e c i f i c a t i o n s h a v e b e e n p r e p a r e d f o r c o m m e r c i a l 
p r o c u r e m e n t of a h i g h - t e m p e r a t u r e a c o u s t i c s e n s o r , u s i n g p i e z o e l e c t r i c 
m a t e r i a l a n d 3 0 - f t - l o n g i n t e g r a l - s h e a t h e d l e a d s f o r s e r v i c e w h e n i m m e r s e d 
in s o d i u m . 

In s u p p o r t of A N L f a b r i c a t i o n of a c l a m p e d - c o n s t r u c t i o n 
s e n s o r , t h e s e r v i c e s of O . E . M a t t i a t * * w e r e o b t a i n e d f o r t h e d e s i g n a n d 

Fukumoto. A., and Watanabe. A., Temperature Dependence of Resonant Frequencies of LiNb03 Plate 
Resonators, Proc, IEEE 56(10). 1751 (Oct 1968), ~ 

**Consultant, Aquasonics Inc . Portsmouth. Rhode Island. 
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analysis aspects of acoustic sensors . On the basis of his recommendations, 
two prototype sensors have been fabricated, using the fluid-backed, two-
crystal approach for broad frequency response from near DC, Briefly, each 
prototype consists of a stack of components mounted in a brass housing, 
from which issues a vacuum line to provide clamping action, and an MgO-
insulated signal cable. Construction of the assembly is such that the lithium 
niobate crystals could be completely isolated, electrically, from the housing, 
if desired. When the first assembly was evacuated, a strong signal was 
noted with the high-temperature cable attached directly to oscilloscope 
input. Immersion in water revealed a leak at the O-ring seals . This leak­
age problem has been eliminated in the second assembly, and tests are being 
set up for pulsed-wave calibration in a water tank. Also, an a l l - s tamless 
steel model is being fabricated to determine construction problem a r e a s . 

(c) Tests of High-temperature Detectors in Water, Furnace, 
and Sodium (T, T. Anderson) 

Absolute calibrations of acoustic sensors in small 
liquid volumes are complicated by tank-wall reflections of incident p ressu re 
waves. To circumvent this difficulty, particularly in sodium sys tems, a 
pulsed sine-wave hydrophone calibration system has been assembled. All 
electronic components have been procured and after some improvements by 
the vendor to meet specifications, the system is now operational, 

b. Flow Monitor (T, T, Anderson) 

Last Reported: ANL-7581, p, 102 (June 1969). 

(i) Two-thermocouple Method* (A. E. Knox and C. W. Michels) 

(a) Temperature Variation of Coolant Sodium at the Outlet 
of the EBR-II Instrumented Subassembly. Various aspects of the two-
thermocouple ( transit- t ime) method of flow measurement are being investi­
gated, using data obtained from instrumented subassemblies installed in 
EBR-II. Noise-analysis techniques will be used to measure the transi t 
time of small variations of sodium temperature in instrumented subas­
sembly channels. 

Data have been taken from four thermocouples and the 
flowmeter in the Test H (XXOl) EBR-H Instrumented Subassembly. Signals 
from outlet thermocouple No. 5 (OTC 5), inlet thermocouple No. 4 (iTC 4), 
outlet thermocouple No. 14 (OTC 14), and spacer-wire thermocouple No. 17 
(SWTC 17) were recorded in the frequency range from 0 to 100 Hz, with 
most of the steady-state component removed to allow maximum amplifica­
tion of the data. OTC 5 and ITC 4 are in the same channel; OTC 14 and 
SWTC 17 are in another channel, with expected channel t rans i t - t imes of 
0.346 and 0,224 sec, respectively (for an assumed subassembly flow of 
29.6 gpm). 
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Data recorded during reactor conditions of zero flow 
to full flow and from zero power to 50 MW are being analyzed to determine 
feasibility of t ransi t - t ime flow measurement , using the normal coolant t em­
perature variation in an operating LMFBR. 

2, Heat Transfer and Fluid Flow (M, Petrick) 

a, LMFBR Burnout Limitations (R, J, Schiltz and R, Rohde) 

Last Reported: ANL-7661, p, 110 (Jan 1970), 

(i) Preparation of Apparatus, The preheater and five of the 
six 1^-in, valves have been welded into the main loop. The electromagnetic, 
helical induction pump coil has been assembled, insulated, instrumented 
with thermocouples, and the pump is ready to be welded into the main loop. 
The main l^-in,-loop piping is 75% complete. 

Thermocouple instrumentation for the heat exchanger has 
been connected to the thermocouple junction box for the loop. The control 
panel for the variable autotransformers for the electr ical t race-heat ing 
system has been prepared for mounting of the auto t ransformers . 

Connection of the heat-exchanger res is tance heaters into 
three groups of five heaters has been completed preparatory to installation 
of three-phase, electric power, 

b, Nonboil ing T r a n s i e n t Hea t T r a n s f e r (R, P , Ste in) 

L a s t R e p o r t e d : A N L - 7 6 6 1 , pp, 110-112 (Jan 1970), 

(i) A n a l y s e s of H e a t - f l u x T r a n s i e n t s , C o n s t r u c t i o n of the t e s t 
sect ion and modi f ica t ions of the ex i s t ing flow loop to be u s e d for the 
t r a n s i e n t e x p e r i m e n t s (see P r o g r e s s R e p o r t for D e c e m b e r 1969, A N L - 7 6 5 5 , 
p. UO) have peen po r tponed unt i l FY I97I b e c a u s e of b u d g e t a r y r e v i s i o n s . 
However , the r e m a i n i n g des ign w o r k is being c o m p l e t e d . 

An ava i l ab l e c o m p u t e r p r o g r a m * which s o l v e s the p r o b l e m 
of t r a n s i e n t hea t t r a n s f e r for a fluid flowing be tween h e a t - g e n e r a t i n g 
p a r a l l e l p la tes has been t e s t e d s u c c e s s f u l l y and r e v i s e d s l i gh t l y . The b a s i c 
p r o g r a m uses finite d i f f e rences to so lve the a s s o c i a t e d e n e r g y equa t i ons 
for both the p la te s and the fluid; p r o f i l e s of t u r b u l e n t fluid v e l o c i t y and eddy 
diffusivities a r e accoun ted for . It h a s been r e v i s e d s l igh t ly to h a n d l e 
specif ied, but a r b i t r a r y , wa l l hea t f luxes into the fluid and thus s impl i fy 

Gopalakrishnan. A.. Transient Heat Transfer Performance of a Reactor Coolant Channel During Accidental 
Power Excursions. Ph.D. Thesis. University of California. Berkeley (1969). ' 
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comparisons of predictions of proposed transient engineering relationships 
(see P r o g r e s s Report for August 1969, ANL-7606, p. 105) with more exact 
predictions of the reference program. Attempts are being made to incor­
porate these engineering relationships in fast reactor codes like the SASIA; 
as yet these attempts have not been successful. 

c. Liquid-metal Heat Transfer in Pin Bundles (T. Ginsberg) 

Last Reported: ANL-7655, pp. 111-113 (Dec 1969). 

A l i terature review of liquid-metal heat transfer in pin bundles, 
including current and planned investigations at other AEG Laborator ies , is 
nearly complete. Recommendations for ANL participation in this area of 
heat transfer a re being prepared, 

d. Electron-Bombardment-Heater Development (R, D. Carlson) 

Last Reported: ANL-7661, p. 112 (Jan 1970). 

(i) Preparat ion and Test of Single Pin ( l /4 in. OD x 24 in.). 
Work on these tests has been delayed because several cathode mater ia ls 
ordered from General Electr ic have not been received because of the s t r ike. 

(ii) Preparat ion of Single Pin ( l / 4 in, OD x 36 in,). Apparatus 
for testing this pin in sodium at 1200°F and heat fluxes up to 5 x 10 Btu/ 
(hr)(ft^) has been completed, and is being assembled in the vacuum chamber, 

(iii) Preparat ion of 7-pin Clusters ( l / 4 in, OD x 36 in,). 
Preparat ion of this 7-pin cluster has been field at the design stage pending 
the resul ts of tests with the single pin ( l /4 - in , OD x 36 in,), which wiU 
begin soon, 

(iv) Preparat ion of Tubular Heaters for Burnout and Nonboiling 
Transient Tes t s . The tubular heater for the transient test loop is 90% 
complete. Remaining tasks include final cleaning of the assembly and in­
stallation of 20 filaments. 

3. Engineering Mechanics (G. S. Rosenberg) 

a. Advanced Thermoelasticity (R, A, Valentin) 

Last Reported: ANL-7655, p, 115 (Dec 1969). 

(i) Solution of End-effect Problems Involving Nonplane St ress 
Fields in Short Cylinders and Contact St resses between Cladding and FueL 
Mathematical analysis of the symmetr ic deformation of a clad, finite cylin-
der with interface boundary conditions of zero shear has been completed. 
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Numerical results for the limiting cases of a very weak cladding and a rigid 
cladding agree with previous solutions. However, numerical difficulties with 
intermediate cases have resulted in a slight reformulation of the problem. 
Needed changes in the analysis have been initiated. 

(ii) Techniques of Numerical Approximation. A general-purpose 
finite-element code has been used to analyze certain aspects of the perfectly 
bonded clad cylinder. The resul ts indicate that such analyses a re of suffi­
cient accuracy to justify a redirection of the analytical effort on those 
boundary conditions for which general-purpose numerical methods a re not 
feasible (e.g., the case of zero interface shear) . 

b. Structural Dynamics Studies--Structure-FIuid Dynamics 
(M. W. Wambsganss, J r . ) 

(i) Preparation of Two Structural-dynamics Test Loops 
(B. L. Boers and P . L, Zaleski) 

Last Reported: ANL-7661, p, 115 (Jan 1970). 

Start-up procedures for the large test loop have been 
written. Start-up and preliminary check-out tests a re pending approval of 
the procedures. 

A flowtest was performed to determine the charac ter is t ics 
of the pressure field in the test section of the small test loop prior to in­
stallation of the upstream and downstream acoustic filter sys tems . The 
data were recorded on magnetic tape, and will be used to evaluate the ef­
fectiveness of the filters in reducing acoustic disturbances induced by loop 
components and other sources . The upstream filter system is being in­
stalled in the loop. 

(ii) Mathematical Modeling of Parallel-flow-induced Vibration 
(S. S. Chen) ~ 

Last Reported: ANL-7661, pp. 114-115 (Jan 1970). 

An analytical expression for the roo t -mean-square (rms) 
values of the displacement of a simply supported rod in paral lel flow was 
obtained based on the following observations: 

(1) F i r s t bending-mode response is dominant (see 
Progress Report for November 1969, ANL-7640, pp. 120-123). 

(2) Effective ranges of Strouhal numbers for planned 
parallel-flow-induced vibration tests and typical reactor conditions a re 
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0.02 < V v 0 .52, 10 \ 7 < 180, and 0.004 < S < 0 ,25, H e r e , v = 
0 , 2 7 5 ( C O D / V C ) , 7 = ^ t u / V c , and S = <:D6*/V, w h e r e ca i s the f r equency , D is 
the rod d i a m e t e r , V -̂ is the convec t ion ve loc i t y , I, is the rod leng th , 6* is 
the d i s p l a c e m e n t t h i c k n e s s of the bounda ry l a y e r , and V is the m e a n a x i a l 
flow v e l o c i t y , 

(3) The p o w e r - s p e c t r a l dens i t y of the t u r b u l e n t - b o u n d a r y -
l a y e r w a l l p r e s s u r e is a p p r o x i m a t e d by 

*pp(co) = k,(a^6*/v)"^^(p^V^6*), (1) 

w h e r e p is the fluid d e n s i t y , and ki and kj a r e c o n s t a n t s which depend on 
the p a r t i c u l a r s y s t e m flow cond i t i ons . 

The r e s u l t i n g e x p r e s s i o n for the r m s d i s p l a c e m e n t is 

y(x) = ( I , 2 2 5 ) ( 1 0 - ^ ) [ ( k i ) ' / V ^ } - ' ' ^ ° - ' ' ' ^ ] G(k2,C) s in [(T:x)/ i ] 

D"<'-=î (M + m)-[('-^^)A]M[(^-'^^)A](EI)-[(^+'^^)A]v[('+'^^)Al 

i*[i^-^z)M, (2) 

w h e r e 

n ! = ^ ^ ( [ I - (i V ^ ' E I ) ] { T - MV^[l - ( e C x / 4 ) ] } ) 

0.04 0.06 0.08 0.10 0.12 
Modal Domping Ratio (0 

G(k2^^ ) is a function depending on k j 
and m o d a l damping r a t i o ^ ( see 
F i g . I I I . C . l ) , m and M a r e the m a s s 
and added m a s s pe r unit l ength of the 
r o d , EI is the f l exu ra l r i g id i t y of the 
r o d , T is the in i t i a l a x i a l t en s ion in 
the r o d , e i s the . ^ / D r a t i o , and C-p is 
the d r a g coeff ic ient . F o r known s y s ­
t e m p r o p e r t i e s , the r m s d i s p l a c e m e n t 
is e a s i l y c a l c u l a t e d . 

Fig. III.C.l. Dependence of Function G(k2.C) on kg 
and Modal Damping Ratio In typ ica l r e a c t o r s y s t e m s , 

the coolan t ve loc i ty is r e l a t i v e l y low 
c o m p a r e d to the c r i t i c a l flow ve loc i ty ; t h e r e f o r e the f requency Q, is a weak 
function of V . In g e n e r a l , k^ v a r i e s f rom 0 to 1.0. With t h e s e o b s e r v a t i o n s , 
Eq . (2) can be e x p r e s s e d 

a, a , a, , u 
V » D ' i ' V ^ ( E I ) (3) 
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where 

a, = 1.0-1.5; 

o.^ = 4 .0; 

a j = 1.5-2,0; 

n^ = - 0 . 7 5 - 1 . 0 . 

Equa t ion (3) i s r e a s o n a b l y we l l r e l a t e d to P a i d o u s s i s ' 
e m p i r i c a l equat ion 

y =. D°"i^•^v ' •^(EI)"°•^ (4) 

where in the two e x p e r i m e n t a l c o r r e l a t i o n s r e p o r t e d * cij = 0.35 and 1.0. 
Since deve lopment of Eq . (4) i s b a s e d on e x p e r i m e n t a l r e s u l t s and Eq. (3) 
r e p r e s e n t s ana ly t i ca l r e d u c t i o n of a m a t h e m a t i c a l m o d e l , the g e n e r a l 
a g r e e m e n t be tween both equa t ions s u p p o r t s the va l id i ty of the m a t h e m a t i c a l 
mode l . 

D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s 

1. Fue l Cycle T e c h n o l o g y - - R e s e a r c h and D e v e l o p m e n t 

a. Mol ten M e t a l Dec ladd ing (R. D. P i e r c e ) 

Las t R e p o r t e d : A N L - 7 6 5 5 , pp . 116-117 (Dec 1969). 

Decladding wi th m o l t e n m e t a l is an a l t e r n a t i v e to m e c h a n i c a l 
decladding s c h e m e s , * * which r e q u i r e r e m o v a l of s o d i u m , d i s a s s e m b l y of the 
fuel a s s e m b l y , and fuel chopping as s e p a r a t e o p e r a t i o n s . An a d v a n t a g e of a 
mol ten m e t a l dec ladding s t ep is that the fuel oxide does not r e a c t wi th the 
decladding c h e m i c a l s and, once s e p a r a t e d , can be fed e i t h e r to an aqueous 
d isso lu t ion s t ep or to a n o t h e r i n t e r f a c i n g s t e p , 

(i) E n g i n e e r i n g D e v e l o p m e n t 

(a) P l u t o n i u m and U r a n i u m R e c o v e r y . The L i F -
35 mol % N a F - 1 0 m o l % C a F j e u t e c t i c i s u n d e r c o n s i d e r a t i o n a s a 
cover sa l t for a dec ladding p r o c e s s in which s t a i n l e s s s t e e l (or Z i r c a l o y ) 
cladding is d i s so lved in l iquid z inc and the r e s u l t i n g m e t a l so lu t ion i s then 
s e p a r a t e d f rom the u n r e a c t e d oxide fuel, A c o v e r s a l t would s u p p r e s s 

* 
Paidoussis, M. P.. An Experimental Study of Vibration of Flexible Cylinders Induced by Nominally 
Axial Flow. Nucl. Sci. Eng. 35(1). 127-138 (1969) 

Watson. C. E.. £ ta l . , "Head-End Processing of Spent LMFBR Fuel." in Proceedings of 16th Conference on 
Remote Systems Technology, pp. 19-38, American Nuclear Society. Hinsdale. 111. (1969). 
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vaporization of zinc; also, agitation of the zinc-salt system would cause any 
fuel fines originally in the zinc to be collected in the salt. 

Results have been obtained for an experiment (see 
ANL-7655) to measure the cosolubility of powdered uranium oxide and plu­
tonium oxide in this fluoride salt . A high-purity AI2O3 crucible contained 
in a tantalum secondary crucible was charged with 2.0 kg of the L iF-NaF-
CaF^ salt, 100 g of powdered PuO^, and 400 g of powdered UOj. The charge 
was held at ~800°C for 4 hr with agitation at 300 rpm and for about 16 hr 
without agitation. After the addition of 6.25 kg of zinc, the 800°C melt was 
agitated at 300 rpm for 4j hr and at 600 rpm for 1/2 hr. 

The rate of dissolution of PUO2 powder in the salt was 
low. Although samples were taken at intervals during the run, it is now 
believed that the system did not reach equilibrium until the end of the run, 
when two duplicate salt samples were taken that were found to contain 
-0.4 wt % dissolved plutonium. This concentration of plutonium in a cover 
salt is considered satisfactorily low. The plutonium loss per run, however, 
will be considerably smaller because the cover salt will be reused for many 
runs. Since this experiment involved finely divided PuO^ in an agitated 
system, whereas plant operation would be with either no agitation or mild 
agitation and sintered pellets and fragments which will sink through the zinc, 
the observed plutonium dissolution would probably be negligible in plant 
operations. 

In all salt samples, the uranium conentration was below 
the detection limit (O.OI wt %). 

b. Continuous Conversion of u /Pu . Nitrates to Oxides (N, M, Levitz) 

Last Reported: ANL-7661, pp. 118-119 (Jan 1970). 

Denitration of mixtures of uranium-plutonium nitrate solutions 
or plutonium ni t ra te solutions is to be demonstrated in Huidized-bed equip­
ment. Denitration has two potential applications: (I) production of either 
combined U-Pu oxide or of plutonium oxide that could be mechanicaUy 
mixed with uranium oxide and fabricated into fast reactor fuel; and 
(2) production of plutonium in powder form (i.e., oxide) which could be 
shipped more safely and in smaller volumes than the nitrate solutions that 
a re currently being shipped. 

In three laboratory-scale experiments (see ANL-7661), 1.2M. 
uranyl ni t rate-0.3M plutonium ni t ra te-2 to 4M nitric acid solutions were fed 
dropwise on to a hot surface at approximately 300, 450, and 600°C to form 
oxide Samples were examined to determine whether plutonium was uni­
formly distributed in the oxide produced at 450°G. Pre l iminary data with 
an electron microprobe indicate that overall homogeneity is good. P r e ­
liminary resul ts of autoradiographic examination also indicate uniform 
plutonium distribution in the oxide powder prepared at 450°C, 
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Dissolution of the oxide powder in ni tr ic acid systems is being 
studied as a method of recycling the denitration product to minimize the 
plutonium inventory in the glovebox in future l a rger - sca le exper iments . 
Dissolution experiments of a scoping nature were performed on a g ram 
scale with a U-20% Pu oxide produced by dropwise denitration at 300 G. 
About 95% of the oxide was dissolved by st irr ing for 2 hr in concentrated 
HNO3 at 95°C to yield a solution approximately 0,35M in heavy metal . 
Smaller percentages of oxides produced at 450 and 600°C were dissolved 
in the same time interval. The resul ts for oxide powder prepared at 300°C 
are encouraging. Future experiments will evaluate dissolution charac te r ­
istics of the prepared oxides under typical process conditions. 

The fluid-bed pilot plant for denitrating solutions of uranium-
plutonium nitrates or plutonium nitrate alone is being constructed. A 
4-in.-dia plastic fluid-bed column (i.e., a mockup of the denitrator) was 
constructed to evaluate the denitrator design. Results with an inert fluidized 
bed suggested a change in the design of the product-withdrawal tube. In 
work to determine whether an increase in the quantity of PUO2 in a process 
vessel could be measured with external instrumentation, experiments were 
run with ~l /2 to 1 kg UO2-I.78 wt % PuOj and UO2-2O wt % PUO2 powder 
(shielded with l /4- in . stainless steel to simulate the effect of a vessel 
wall). A scintillation-type counter fitted with a gamma probe was found to 
be promising for this application. 

c. In-Line Analyses in Fabrication (M. J. Steindler) 

Last Reported: ANL-7655, p. 119 (Dec 1969). 

The accuracy and precision of analytical methods affect the 
fraction of acceptable mater ia l produced in large-capacity fabrication plants 
and thus influence the cost of the fabricated fuel. Continuous in-line non­
destructive analytical methods capable of determining the physical and 
chemical properties of FBR fuel are under development. 

The determination of the u / P u ratio in fuel, which will be a 
part of any conceivable fabrication procedure, is being studied. Th02-U02 
is being used as a stand-in for UO2-PUO2 in evaluating X-ray fluorescence 
as an in-line analytical method, since the relationship of the appropriate 
emission peaks for thorium and uranium is similar to that for uranium and 
plutonium (ANL-7655, p. 119). Powder mixtures containing 10, 20, 30, and 
40 wt % UO2 and the remainder Th02 have been examined with the X-ray 
spectrograph. Smooth curves have been obtained that relate line intensity 
to the concentration of each heavy element. Fur ther , the intensity rat io of 
the signals for the two heavy elements showed a smooth and rapidly changing 
variation with UO^ content of the mixture in the concentration region of 
interest (10-40% UO^). These data indicate that measurement of heavy 
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element ratios by X-ray fluorescence appears feasible. Future work will 
be aimed at demonstrating analytical sensitivities which meet existing fuel 
specifications. 

An important property affecting changes in fuel during i r rad ia ­
tion is the initial rat io of oxygen to metal ( O / M ) of the fuel mater ia l . The 
O / M ratio is presently determined by a thermogravimetr ic method. A 
method that may be adaptable for in-line use is now being tested for the 
determination of the O / M rat io . This method depends upon the measurement 
of lattice parameters of the fuel mater ia l by X-ray-diffraction techniques. 
Information has been obtained on the variation of lattice parameters of 
single-phase (U,Pu)02-x with variation of the O / M ratio at several plutonium 
concentrations. 

2. General Chemistry and Chemical Engineering--Research and 
Development 

a. Thermophysical Proper t ies 

(i) Oxygen Gradients, Total Vapor P r e s s u r e s , and Oxygen 
Potentials in Reactor Fuels (P. E. Blackburn and 
A. J . Becker) 

Last Reported: ANL-7640, p. 124 (Nov 1969). 

Oxygen potentials and total p ressures are being measured 
over (U,Pu)02+x fuel as functions of temperature and composition. These 
data a re required to aid in limiting cladding corrosion, fuel swelling, and 
fissile element segregation either by fixing' initial fuel composition, by 
adding oxygen buffers, or by other suitable measu res . The oxygen potential 
of the fuel will help to establish the chemical state of fission products, 
especially those contributing to cladding corrosion or fuel swelling. In the 
first phase of the program, the pure oxide fuel corresponding to that with 
zero irradiation wiU be investigated. These studies will be followed by 
measurements of the fuel containing fission products. 

The data obtained by the transpiration method for calcu­
lating oxygen potentials and total p ressures over U-Pu-O will be in te rms 
of p r e s s u r e s , t empera tures , and weights. At equilibrium, the rate of weight 
loss can be shown to be constant both for U-O and U-Pu-O provided the 
sample geometry does not change. Therefore, one criterion for equilibrium 
is that the weight-loss curve must approach a straight line. 

In the se r ies of experiments designed to test the apparatus , 
attention has been shifted from the hyperstoichiometric two solid-phase 
U-O system to the single solid phase on either side of o /U = 2. In experi­
ments in which the sample was heated to 1653°K and in which the sample 
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and argon carr ier gas equilibrated, the O/U ratio was 2.165 and oxygen 
partial pressure was 3.0 x 10"'' atm. The vapor p ressu re of the uranium-
bearing species was calculated to be 7.6 x 10"' atm. The latter number 
should be considered tentative. It was found experimentally that when con­
stant oxygen pressure was observed, the rate of weight loss approached a 
straight line, as predicted. 

Work with the U-O system should be completed soon and 
work with the U-Pu-O system initiated. 

(ii) Phase-diagram Studies of the Ternary System U-Pu-O 
(P. E. Blackburn and A. E. Martin) 

Last Reported: ANL-7632, pp. 124-125 (Oct 1969). 

Oxygen-rich and meta l - r ich phase boundaries a re being 
determined for the (U,Pu)02+x LMFBR fuel. The boundaries a re required 
to establish cri teria for initial concentrations of oxygen in the fuel. The 
boundaries also establish the capacity of the fuel for oxygen. This infor­
mation is important since oxygen concentrations may change during burnup 
of the fuel. Data on the ternary system of pure uranium, plutonium, and 
oxygen will serve as a base line for interpreting the phase diagram of fuel 
and fission products. 

The hypostoichiometric boundary of the fluorite phase, 
(Puy, Ui-y)02+x, for y = 0.198 was previously reported in ANL-7632 for 
the temperature range from about I860 to 2170°C. The data were obtained 
from the oxygen analyses of mixed-oxide crucibles that had been equili­
brated with liquid plutonium-uranium alloys. An attempt was made to obtain 
similar data at the higher temperatures of 2207 to 2247°C. The O / M ratios 
of 1.398 and 1.278, respectively, of the product crucibles were considerably 
smaller than an extrapolation of the data to lower temperature would have 
predicted. Metallographic examinations of the product crucibles indicated 
that, at these higher temperatures , the overall composition was in a th ree -
phase region of the U-Pu-O phase diagram instead of a two-phase region. 
The third phase, an oxide liquid, which has a lower oxygen concentration 
than the fluorite phase, had apparently been absorbed into the oxide crucible. 
Thus, the analyses of the crucibles did not represent the compositions of the 
solid fluorite phase at the equilibration tempera tures , as had been the case 
at the lower temperatures . Consequently, the highest temperature at which 
the equilibration technique can be used to establish the hypostoichiometric 
boundary of the oxide phase with y = 0.198 is approximately 2170°C. 

Efforts are being made to prepare sintered mixed-oxide 
pellets with various y values, but initially with y = 0.198. These pellets 
will have O / M ratios that are stable at room tempera ture . X-ray-diffraction 
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and o the r s t u d i e s wi l l be c a r r i e d out wi th t h e s e p e l l e t s . F o r the oxygen-
r i c h r a n g e , the p e l l e t s a r e being p r o d u c e d by p a r t i a l oxida t ion by a i r at 
1000°C. F o r the h y p o s t o i c h i o m e t r i c r e g i o n , the p e l l e t s a r e being p r o d u c e d 
by p a r t i a l r e d u c t i o n wi th u r a n i u m - p l u t o n i u m a l loys a t 2000°C. 

Some ox ida t ion t e s t s have been c a r r i e d out on s i n t e r e d 
m i x e d - o x i d e p e l l e t s of c o m p o s i t i o n s y = 0 .198, 0 . 441 , 0 .643, and 0.804, 
which had i n i t i a l O / M a n a l y s e s of 2 .00, 1.99, 1.99, and 2.00, r e s p e c t i v e l y . 
R e c o r d e d in T a b l e I I I .D . l a r e the we igh t i n c r e a s e s , in O/U u n i t s , following 
oxidat ion by flowing d r y a i r . The v a l u e s in the t e m p e r a t u r e r a n g e 800 to 
I200°C a r e in e s s e n t i a l a g r e e m e n t wi th l i t e r a t u r e da ta ;* the va lues a t the 
lower t e m p e r a t u r e s r e p r e s e n t new da t a . H o w e v e r , equ i l i b r i a with the 
oxygen of the a i r w e r e p r o b a b l y not r e a c h e d in the t e m p e r a t u r e r a n g e 
f r o m 200 to 400°C in sp i t e of the ex tended p e r i o d s of ox ida t ion . 

TABLE III.D.l. The Oxygen Pickup Resulting from the Air Oxidation 
of Sintered Mixed-oxide Pellets at Various Temperatures 

Oxidation 

Temp (°C) 

200 
300 
400 
600 
800 

1000 
1200 

Conditions 

Time (hr) 

146 
144 

95 
71 
27.5 
21.5 
23 

Oxygen 

y = 0.198 

0.01 
0.36 
0.34 
0.49 
0.35 
0.36 
0.54 

Indie 

y 

Increases 
ated Pellet 

= 0.441 

0.00 
0.05 
0.31 
0.27 
0.27 
0.26 
0.30 

(in O / M units) 
Compositions 

y = 0.643 

0.00 
0.07 
0.19 
0.21 
0.18 
0.17 
0.18 

at 

y = 0.804 

0.00 

0.02 
0.03 
0.09 
0.07 
0.08 
0.10 

*Rrerr N. H.. and Fox, A. C, I. In'org. Nucl. Chem, ^ . 1191 (1966); Sari, C, Benedict, U.. and 
Blank, H., Thermodynamics of Nuclear Matedals, IAEA. Vienna (1967), p. 587. 
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IV. NUCLEAR S A F E T Y R E S E A R C H AND D E V E L O P M E N T 

A. L M F B R S a f e t y - - R e s e a r c h and Deve lopmen t 

1. R e a c t o r C o n t r o l and S tab i l i ty (W. C. L ip insk i ) 

a. T r a n s f e r - f u n c t i o n T e c h n i q u e s to M e a s u r e L a r g e F a s t R e a c t o r 
S tab i l i ty (L. J . H a b e g g e r ) 

L a s t R e p o r t e d : A N L - 7 6 4 0 , pp. 128-129 (Nov 1969). 

A c o m p u t e r code has b e e n w r i t t e n for solving o n e - d i m e n s i o n a l , 
n o n l i n e a r , s p a c e - t i m e e q u a t i o n s . The f o r m s of equa t ions to which the code 
i s a p p l i c a b l e r e p r e s e n t m o d e l s of power r e a c t o r s tha t inc lude coupling of 
s p a c e - d e p e n d e n t r e a c t o r - p o w e r d e n s i t i e s wi th v a r i o u s n o n l i n e a r f e e d b a c k s , 
such a s f eedback f r o m fuel and coolan t t e m p e r a t u r e s . The in tended a p p l i ­
ca t i ons of the code to the c u r r e n t L M F B R c o n t r o l and s t ab i l i t y p r o g r a m 
a r e twofold: 

1. In the a n a l y s i s of t r a n s f e r - f u n c t i o n t e c h n i q u e s to m e a s u r e 
l a r g e fas t r e a c t o r s t ab i l i t y , the code wi l l be u s e d in conjunct ion wi th 
G a l e r k i n ' s m e t h o d * ( s ee P r o g r e s s R e p o r t for May 1968, ANL-7457 , pp. 137-
138) for comput ing s p a c e - d e p e n d e n t t r a n s f e r - f u n c t i o n s for v a r i o u s s o u r c e -
d e t e c t o r c o n f i g u r a t i o n s . G a l e r k i n ' s p r o c e d u r e is l i m i t e d to l i n e a r s y s t e m s . 

2. The code can be u s e d for the v e r i f i c a t i o n of t h e o r e t i c a l 
s t a b i l i t y d o m a i n s d e r i v e d for n o n l i n e a r r e a c t o r s y s t e m s ( see P r o g r e s s 
R e p o r t for D e c e m b e r 1967, A N L - 7 4 0 3 , p . 147). 

The c o m p u t a t i o n a l p r o c e d u r e u s e d in the code is b a s e d on a 
s t r a i g h t f o r w a r d e x t e n s i o n of the q u a s i - I i n e a r i z a t i o n p r o c e d u r e for so lv ing 
s t e a d y - s t a t e n o n l i n e a r r e a c t o r equa t ions ( see P r o g r e s s R e p o r t for June 1969, 
A N L - 7 5 8 1 , pp . 118-119) . The f o r m of equa t ions so lved i s 

at Sx 
D(x,t), 

dx 
+ A(x,t)0 + X(x)C + Si; (1) 

^ = B(x , t )* - X(x)C + S2; 

M | ? = - | 2 + e(x)0 + s3, 
St dx 

(2) 

(3) 

w h e r e e a c h equa t ion m a y be s c a l a r or v e c t o r . Equa t ion (I) r e p r e s e n t s the 
e q u a t i o n for n e u t r o n flux (or p o w e r d e n s i t y ) . The second equa t ion can be 

*Kantorovich, L. V.,and Kryloff. V. I.. Approximate Methods of Higher Analysis. Interscience, New York 

(1959). 
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associated with concentrations of delayed-neutron p recurso r s and/or other 
feedback variables. The variable T in Eq. (3) represents coolant t empera ­
ture. The functions Si are a rb i t ra ry forcing functions and/or nonlinear 
functions of the various variables. Appropriate boundary conditions must 
also be given. 

Using operator notation, the above equations can be writ ten in 
the compact form 

^ = L(x,t)u + S. (4) 
ot 

The discrete-t ime approximation is used to give 

e{L(x,t)u + S}i.i + (1 - e){L(x,t) + S}i, (5) 

where the subscript i represents the time step and 9 is a constant with 
0 £ 6 ^ 1. Upon starting with known values for u at to, Eq. (5) is solved at 
each time step, using the quasi-Iinearization procedure. 

The code is operational except for some necessary minor 
revisions. Accuracy of the code is being checked by running cases that 
have known solutions. 

2. Coolant Dynamics (H. K. Fauske) 

a. Sodium Superheat (R. E. Holtz and R. M. Singer) 

Last Reported: ANL-7661, pp. 122-123 (jan 1970). 

(i) Boiling from Surface Cavities 

(a) Out-of-pile Superheat Tests with Sodium from EBR-II. 
Fabrication of the shipping cask for the sodium from EBR-II has been 
completed. The cask is being prepared for shipment to Idaho for filling. 

^- Sodium Expulsion (R. M. Singer and R. E. Holtz) 

(i) Static Expulsion Tests 

(^) Analysis of Data and Interpretation in Terms of 

being prepared. 

Physical Models 

Last Reported: ANL-7661, p. 123 (jan 1970). 

These tests have been completed. A topical report is 
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(ii) Forced-convection Expulsion Tests 

Last Reported: ANL-7661, p. 123 (jan 1970). 

(a) Preparat ion of Transient Test Loop. The tubular test 
section has been welded into the system and helium-Ieakchecked. Safety 
interlock systems and sensors a re being installed. 

(b) Modification of Transient Test Loop for 7-Pin Tests 

Not previously reported. 

Design of an increased-capacity heat exchanger for the 
7-pin tes ts has commenced. The design load for this unit will be 1000 kW in 
order to accommodate the increased power dissipation required when the 
test section is expanded from a single pin to seven pins. 

c. Liquid-Vapor Dynamics (H. K. Fauske and M. A. Grolmes) 

(i) Liquid-film Breakup 

Not previously reported. 

In fast reactor accident analysis concerning the hydrody­
namic behavior of the coolant, a slug-type ejection process is considered 
likely. An important and as yet undefined physical character is t ic of this 
process is the thickness and eventual breakup (or dryout) of the liquid 
film that remains on the heated channel wall during the ejection process . 
The charac ter i s t ics of this film and its behavior must be understood so that 
proper analytical models can be constructed to determine the time between 
sodium nucleation (slug formation) and failure of the cladding. The cladding 
probably will fail immediately after film dryout. To assess the film-dryout 
t ime, the film thickness must be known. To date no direct experimental 
information is available concerning the film thickness in an accelerating 
system such as that involved m superheat sodium-slug ejection. To this end, 
experiments have been initiated in which film thickness wUI be measured 
directly in the slug expulsion of superheated Freon-11 in a uniform-diameter 
precis ion-bore glass tube. Pre l iminary experiments indicate that film 
thickness can be measured directly by measuring the motion of the vapor 
slug and the upper free surface. These initial experiments will be refined 
and extended to more complex geometries and heated sections, and then 
will be compared to analytical models currently being formulated. 
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3. Violent Boiling (R. O. Ivins) 

a. Violent Boiling with Molten Fuel and Sodium (D. R. Armstrong) 

(i) Violent Boiling and P r e s s u r e Generation upon Contact of 
Molten Materials 

(a) Pressure-generat ion Experiments by Dropping Molten 
Material into Coolant 

Last Reported: ANL-7640, pp. 136-137 (Nov 1969). 

The first experiment involving the dropping of molten 
UO2 into liquid sodium has been completed. For this experiment, 33.7 g of 

UO, was heated to 2940°G in a 
Molten UOo in tungsten crucible t u n g s t e n c r u c i b l e and d r o p p e d 

into 230 cm^ s o d i u m at 200°C 
(as shown in F i g . I V . A . l ) . Only 
8.8 g of UO2 fe l l in to the s o d i u m 
be fo re the UO2 r e m a i n i n g in the 
c r u c i b l e f r o z e . T h e r e f o r e , the 
t e m p e r a t u r e of the UO2 con tac t ing 
the s o d i u m r a n g e d f r o m 2940°C 
at t he s t a r t of the pour to 2840°C 
at t he end. Cont inuous p r e s s u r e 
m e a s u r e m e n t s w e r e ob ta ined 
f r o m t r a n s d u c e r s a t the b o t t o m 
of the s o d i u m pot and in the gas 
s p a c e above the s o d i u m . High­
s p e e d m o t i o n p i c t u r e s w e r e a l s o 
t a k e n of the even t . 

The r e c o r d of the t r a n s ­
d u c e r l oca t ed in the s o d i u m pot 

Fig. IV.A.l. Procedure for Pouring Inductively showed four s e p a r a t e s h a r p 
Melted UO2 into Molten Sodium p r e s s u r e p u l s e s . E a c h event 

c o n s i s t e d of a d a m p e d s i g n a l 
with cusped peaks and rounded m i n i m a . The h i g h e s t p r e s s u r e p e a k r e c o r d e d 
had an ampl i tude of 81 p s i and a ha l f -wid th of I m s e c . 

Excep t for two s m a l l f r a g m e n t s , a l l the UO2 (8.8 g) tha t 
had been dropped was found in the s o d i u m pot a f t e r the e x p e r i m e n t . As 
collected, the UO2 r e s i d u e c o n s i s t e d of a few (~I0) p i e c e s tha t a p p e a r e d to 
be quenched, un f ragmen ted d r o p s tha t a ccoun ted for a p p r o x i m a t e l y 60% of 
the UO2 dropped. The r e m a i n d e r of the s a m p l e was f r a g m e n t e d p a r t i c l e s 
with a m a x i m u m s ize of 1 m m . 

Pressure transducer 
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Four separate events can be identified on the film. 
F i r s t , a single drop of UO2 fell into the sodium, causing a relatively small 
eruption and generating enough vapor to obscure the succeeding events 
part ial ly. About 0.1 sec later, a second, more violent, eruption occurred 
and expelled two smal l UO2 fragments. A third eruption, similar in magni­
tude to the second, occurred O.I sec later. About 0.3 sec after the third 
event, a thin s t ream of UO2 entered the sodium, causing a small eruption 
s imilar to the f irst . 

Sufficient detail was obtained in the film to allow 
order-of-magnitude est imates to be made of the viscosity and surface 
tension of molten UO2 (10 cp for the viscosity and 1000 dynes/cm for the 
surface tension). 

Additional experiments duplicating the first, but with 
improvements in instrumentation and procedure, a re planned. 

B. Engineered Safety Features--Safety Features Technology--
Research and DeveIopment--Containment 

1, Hydrodynamic Response to High-Energy Excursion (Y. W. Chang) 

Last Reported: ANL-7640, pp. 138-140 (Nov 1969). 

a. Automatic Rezoning of Code to Extend Excursion Treatment 
into Sodium-momentum Domain 

The two methods developed as an intermediate step to extend the 
computation time (see ANL-7640, p. 139) h'ave been studied. The single-l ine-
vesse l method works very satisfactorily. It eliminates the zone deformation 
at the steel and sodium interfaces, and, thus, permits the computation to be 
continued for a longer t ime. However, the nearest-neighbor-hydrodynamics 
method fails to perform its function. Numerical instability occurs at about 
50 cycles of computation; the method is under further study. 

As a first step for rezoning, the types of zone deformations that 
will be considered in the rezoning code must be defined. In two-dimensional 
Lagrangian hydrodynamics analysis, a quadrilateral can be deformed mto 
either (I) a normal mesh, if aH included interior angles are less than 180 , 
(2) a reentrant mesh, if one included interior angle exceeds 180°, (3) a schiz­
oid mesh, if one mesh point c rosses an opposite side and the mesh takes the 
form of two tr iangles (one of which has a negative area), or (4) an inverted 
mesh- if the deformation proceeds far enough, the net area of the mesh 
becomes negative. Since the rezoning code is used to prevent severe zone 
distort ions, only the first two kinds of zone distortions will be considered 
in the rezoning code. 
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The r ezon ing code , d iv ided into four p a r t s , i s be ing p r o g r a m m e d . 
The f i r s t p a r t of the code d e a l s wi th q u a n t i t i e s a s s o c i a t e d wi th new z o n e s ; 
the code wi l l divide the r e g i o n to be r e z o n e d in to new g r i d s a c c o r d i n g to t he 
i n s t ruc t i ons and p rov ide s t o r a g e s for q u a n t i t i e s tha t w i l l be f u r n i s h e d l a t e r 
by the s e a r c h i n g r o u t i n e . The second p a r t d e a l s wi th q u a n t i t i e s r e l a t e d to 
the de formed zones and fu rn i shed by the h y d r o d y n a m i c s code . In the t h i r d 
pa r t , a s e a r c h i n g rou t i ne , the d e f o r m e d zone wi l l be d iv ided in to 64 s u b -
q u a d r i l a t e r a l s ; the a r e a , c en t ro id , m a s s , e n e r g y , e t c . of e a c h s u b q u a d r i l a t e r a l 
wi l l be computed, then s t o r e d in the p r o p e r s t o r a g e l o c a t i o n s p r o v i d e d for 
new zones via s e a r c h i n g r o u t i n e . The four th p a r t of t he code i s an a v e r a g i n g 
rou t ine ; the m a s s and e n e r g y wi l l be c o n s e r v e d in the a v e r a g i n g p r o c e s s . 

b . I n s e r t i o n of Heat T r a n s f e r into Codes 

Not p r e v i o u s l y r e p o r t e d . 

As the a n a l y s i s of a p o s t b u r s t a c c i d e n t p r o c e e d s to l o n g e r 
t i m e s , h e a t - t r a n s f e r effects b e c o m e i m p o r t a n t . In the c a s e of a g a s e o u s 
co re , for example , t h e r e would be a r ap id e n e r g y exchange a t the b o u n d a r y 
between the " f i re ba l l " and the s u r r o u n d i n g s . Th i s would c a u s e v a p o r i z a t i o n 
of the m a t e r i a l s in contac t wi th the " f i r e b a l l , " e s p e c i a l l y s o d i u m , and could 
r e su l t in a p r e s s u r i z a t i o n of the s y s t e m that could c a u s e f a i l u r e of the p r i ­
m a r y conta inment af ter the in i t i a l shock wave p a s s e s . The p r o c e s s of e n e r g y 
exchange be tween the " f i re ba l l " and i t s e n v i r o n s is undef ined b e c a u s e of a 
lack of knowledge of the v a r i o u s h e a t - t r a n s f e r p r o p e r t i e s . E l s e w h e r e in t he 
sy s t em, however , it should be p o s s i b l e to inc lude convec t ion and conduc t ion 
effects . Rezoning a n d / o r change of the c o o r d i n a t e s y s t e m f r o m L a g r a n g i a n 
to Eu l e r i an wi l l pose s o m e difficulty in defining the b o u n d a r i e s bet"ween 
m a t e r i a l s . 

c. T r a n s f o r m a t i o n of Code C o o r d i n a t e s f r o m L a g r a n g i a n to 
E u l e r i a n S y s t e m s 

Las t Repor t ed : ANL-7618 , p . 139 (Sept 1969). 

The TRANSF c o m p u t e r code was u s e d to m a k e a v a i l a b l e the 
t r a n s f o r m a t i o n of the L a g r a n g i a n so lu t ion at a g iven t i m e a s input to the 
E u l e r i a n - c o o r d i n a t e so lu t ion . Although s o m e r e v i s i o n s w e r e m a d e on the 
TRANSF code for the sake of eff iciency, m o s t of t he effort w a s devo ted to 
development of the E u l e r i a n code . 

A bas ic outl ine of the E u l e r i a n code has b e e n w r i t t e n and i s 
being debugged. The code was n a m e d R E X C O - P , to m a k e r e f e r e n c e to 
REXCO-H, the p a r e n t L a g r a n g i a n code . G u i d e l i n e s u s e d in w r i t i n g t he 
code w e r e : ( l ) u t i l i ze as m u c h as p o s s i b l e the out l ine p r o v i d e d for t he 
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